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FOREWORD 

The A C S S Y M P O S I U M S E R I E S was founded in 1974 to provide a 

medium for publishing symposia qu ick ly in book form. The 
format of the Series parallels that of the continuing A D V A N C E S 
I N C H E M I S T R Y S E R I E
papers are not typese
by the authors in camera-ready form. Papers are reviewed under 
the supervision of the Editors with the assistance of the Series 
Adviso ry Board and are selected to maintain the integrity of the 
symposia; however, verbatim reproductions of previously pub
lished papers are not accepted. Both reviews and reports of 
research are acceptable, because symposia may embrace both 
types of presentation. 
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PREFACE 

Τ κ E G E N E R A L I M P O R T A N C E of the effects of coulombic interactions on the 
properties of macromolecules is seen in the wide range of phenomena that 
are relevant to macromolecular science and engineering. This volume 
contains the majority of the papers presented at the Macromolecular 
Secretariat symposium held in Philadelphia in 1984. The sponsorship of this 
symposium by five ACS divisions, as well as the frequency of other symposia 
on this topic, both in th
level of activity in this area

As in other Macromolecular Secretariat symposia, each participating 
division selected a topic it considered very active at the time the meeting was 
organized. In addition, two sessions dealt with more general aspects of 
coulombic interactions. Thus, the coverage of the topic is not encyclopedic, 
or even uniform, but is dictated solely by divisional judgments and areas of 
high activity. 

It is a pleasure to express our gratitude to the divisional organizers, 
K. A. Mauritz (Polymeric Materials Science and Engineering), R. D. 
Lundberg (Rubber), W.J. MacKnight (Polymer Chemistry), D. A. Brant 
(Cellulose, Paper and Textile Chemistry), and C. Thies (Colloid and Surface 
Chemistry). Special thanks go to Rajagopalan Murali for his most valuable 
assistance in the editing of this volume. 

A D I E I S E N B E R G 

McGill University 
Montreal, PQ, H3A 2K6, Canada 

F R E D E. B A I L E Y 

Union Carbide Technical Center 
South Charleston, WV 25303 

January 22, 1986 

vii 

In Coulombic Interactions in Macromolecular Systems; Eisenberg, A., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



1 
Structure and Applications of Ion-Containing Polymers 

R. A. Weiss1, W. J. MacKnight2, R. D. Lundberg3, Κ. A. Mauritz4, C. Thies5, and 
D. A. Brant6 

1Institute of Materials Science, University of Connecticut, Storrs, CT 06268 
2Department of Polymer Science and Engineering, University of Massachusetts, Amherst, 
MA 01003 

3Exxon Chemical Company, Linden, ΝJ 07036 
4Department of Polymer Science  University of Southern Mississippi  Hattiesburg
MS 39406-0076 

5Department of Chemical Engineering
6Department of Chemistry, University of California, Irvine, CA 92717 

The interest in the subject of ion-containing polymers has continued 
unabated since the development of organic ion-exchange resins in the 
1940's. This interest is due to the variety of properties and appli
cations that result from the interactions of ions bound to organic 
macromolecules. These interactions affect the physical properties as 
well as the transport properties of the host material, and these 
polymers have found applications in areas as diverse as thermoplastic 
elastomers, permselective membranes, and microencapsulation membranes. 
The common thread in all these applications and the ion-containing 
polymers that are used is that the ionic moieties and their inter
actions dominate the behavior of the polymer. It is not surprising, 
therefore, that the great bulk of the scientific effort that has been 
devoted to ion-containing polymers for the past two decades has been 
directed at delineating and understanding the very complex nature of 
these ionic interactions and the microstructure of the polymers. This 
effort has spawned a number of scientific conferences devoted to 
ion-containing polymers, monographs(1-5), and review articles(6-9) in 
addition to hundreds of scientific papers and industrial patents. 

The purpose of this paper is to provide an overview of the field of 
ion-containing polymers. This review is not intended to be exhaustive 
but is meant to provide a suitable introduction to the field as well 
as demonstrate the diversity of applications of ion-containing 
polymers. The main emphasis will be on ionomers— that is , polymers 
composed of a hydrocarbon or fluorocarbon backbone containing a small 
amount of pendent acid groups (usually less than 10 mol%) that are 
neutralized partially or completely to form salts. This sub-field of 
ion-containing polymers is emphasized because it is the one that is 
currently experiencing the greatest activity, both from a scientific 
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1. W E I S S E T A L . Ion-Containing Polymers 3 

standpoint of understanding the structure-property relationships and 
from the technological development of new materials and applications. 

This is not to say that more highly ionized polymers, such as con
ventional polyelectrolytes, are not of technological importance and 
interest. In fact, just the opposite is true. Polyelectrolytes have 
historically been utilized as ion-exchange resins, but a number of 
novel applications such as cements, gels, and encapsulation membranes 
are under development. Several applications of these materials, such 
as polyelectrolyte complexes and ionic biopolymers, are also included 
in this review. 

STRUCTURE OF IONOMERS 

Theory 

The first attempt to deduc
ionomers was that of Eisenber
fundamental structural entity is the contact ion-pair. On the basis 
of steric considerations, he showed that only a small number of 
ion-pairs, termed "multiplets", can associate without the presence of 
intervening hydrocarbon and that there is a tendency for multiplets to 
further associate into "clusters" that include hydrocarbon material. 
This association is favored by electro-static interactions between 
multiplets and opposed by forces arising from the elastic nature of 
the polymer chains. Eisenberg assumed that the chains on average 
would undergo no dimensional changes as a result of clustering of the 
ionic species. Forsman (11) later removed this restriction and showed 
that the chain dimensions must actually increase as a result of 
association, a result confirmed by neutron scattering experiments 
(12). 

There is a considerable body of experimental and theoretical evidence 
that salt groups in ionomers exist in two different environments, 
i . e . , multiplets and clusters. The multiplets are considered to 
consist of small numbers of ion dipoles, perhaps up to 6 or 8, asso
ciated together to form higher multipoles — quadrapoles, hexapoles, 
octapoles, etc. These multiplets are dispersed in the hydrocarbon 
matrix and are not phase separated from i t . This means that in 
addition to acting as ionic crosslinks, they affect the properties of 
the marix, such as the glass transition temperature, water sensi
tivity, etc. Clusters are considered to be small (< 5 nm) microphase 
separated regions rich in ion pairs but also containing considerable 
hydrocarbon. They possess at least some of the properties of a 
separate phase and have a minimal effect on the properties of the 
hydrocarbon matrix, though they may have some reinforcing effect. 

The proportion of salt groups that resides in either of the two 
environments in a particular ionomer is determined by the nature of 
the backbone, the total concentration of salt groups, and their 
chemical nature. Despite considerable research by various groups the 
details of the local structure of these materials remains somewhat 
obscure, as does the question of how low molecular weight polar 
impurities such as water affect the local structure. 
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Experimental Studies 

1. X-ray Scattering 

Small angle x-ray scattering (SAXS) results have been of central 
importance in the interpretation of the structure of ionomers. Figure 
1 compares the x-ray scattering observed for low-density polyethylene, 
ethylene-methacrylic acid copolymer, and its sodium salt over a range 
of scattering angles (2θ) from 2° to 40°. Polyethylene crystallinity 
is present in all three samples, though the acid copolymer and the 
ionomer exhibit less crystal unity than polyethylene. The ionomer 
scattering pattern contains a new feature, a peak centered at about 2θ 
= 4° . This "ionic peak" appears to be a common feature of all ionomers, 
regardless of the nature of the backbone or cation and regardless of 
the presence or absence of backbone crystal unity. 

Both the magnitude and th
the nature of the cation. Thus the ionic peak occurs at lower angles 
for cesium cations of a given concentration than for corresponding 
lithium cations. In addition, the magnitude of the ionic peak is much 
greater for cesium than for lithium. The ionic peak persists at 
elevated temperatures but disappears when the ionomer is saturated 
with water. The scattering profile, however, in the vicinity of the 
ionic peak in the water-saturated ionomer is different from that of 
the parent acid copolymer. 

A molecular interpretation of scattering data is model dependent, and 
several models for the distribution of salt groups in ionomers have 
been proposed to explain the ionic peak. They consist mainly of two 
approaches: (1) that the peak arises from structure within the 
scattering entity, i . e . , from intraparticle interference, and (2) that 
the peak arises from interparticle interference. 

The "shell-core" model(13) originally proposed in 1974 and later 
modified(14,15) is representative of the intraparticle interference 
models. It postulates that in the dry state a cluster of ca. 0.1 nm 
in radius is shielded from surrounding matrix ions not incorporated 
into clusters by a shell of hydrocarbon chains, Figure 2. The sur
rounding matrix ions that cannot approach the cluster more closely 
than the outside of the hydrocarbon shell are attracted to the cluster 
by dipole-dipole interactions. This mechanism establishes a preferred 
distance between the cluster and the matrix ions; a distance of the 
order of 2 nm accounts for the spacing of the SAXS ionic peak. 

Yarusso and Cooper(16) proposed a different interprétaiton of the 
ionic peak that considers the liquid like scattering from hard spheres 
described originally by Fournet(17). With this interparticle inter
ference model, Yarusso and Cooper were able to quantitatively model 
the ionic peak for lightly sulfonated polystyrene ionomers. They 
found that for the zinc salts about half of the ionic groups are 
aggregated in well-ordered domains, i . e . , clusters, with the remainder 
dispersed in the matrix as multiplets. The clusters are about 2.0 nm 
in diameter and approach each other no more closely than 3.4 nm center 
to center. Although based on quite different physical principles, 
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2 ÎO 20 30 e 20 

Fig. 1. X-ray diffraction from (a) branched polyethylene, (b) 
copolymer of 94% ethylene and 6% methacrylic acid, and (c) 
sodium salt of copolymer in (b), 90% neutralized, (reprinted 
with permission from ref 64) 
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this model yields structural parameters very similar to those obtained 
from the shell-core model. 

2. Neutron Scattering 

Small angle neutron scattering (SANS) has assumed great importance in 
the investigation of polymer morphology. One of its most impressive 
accomplishments is the measurement of single chain dimensions in bulk. 
This is generally achieved by selectively labeling a small percentage 
of the polymer chains by replacing hydrogen with dueterium in order to 
take advantage of the much higher coherent neutron scattering cross 
section of the deuteron compared to the proton. 

Several SANS studies of ionomers have appeared on both deuterium 
labeled and unlabeled systems(8,12,18-20). The earlier work(14) 
showed that an ionic peak  simila  t  that observed b  could 
be discerned in some cases
by the incorporation of 2 y concluded(19) 
that the radius of gyration, R , of the individual chains is not 
altered when the acid is converted to the salt in the case of poly-
styrene-methacrylic acid copolymers. Subsequent SANS experiments were 
performed on sulfonated polystyrene ionomers with up to 8.5% sul-
fonation(12). The results of this study indicated that aggregation of 
the ionic groups is accompanied by considerable chain expansion, which 
is consistent with the theory of Forsman(ll). 

In a separate investigation, a series of polypentenamer sulfonate 
ionomers was studied(20). In this case, contrast was achieved by 
adding measured amounts of D20 to the samples. Figure 3 shows the 
results for a 17 mol% cesium sulfonate ionomer. For the dry film 
there is no evidence of a scattering maximum. As small amonts of D̂ O 
are added, however, the SANS peak becomes detectable. The Bragg 
spacing of the SAXS ionic peak observed for the same sample in the dry 
state is essentially the same as the SANS peak at low D20 concen
trations. Above a D20/S0- ratio of about 6, the SANS ionfc peak moves 
markedly to lower angles. These results are consistent with a phase 
separated model where absorbed water is incorporated into the ionic 
clusters, remaining separate from the matrix even at saturation. 

3. Electron Microscopy 

Reference 7 reviews a number of electron microscopy studies of ionomer 
morphology in the period up to 1979. None of these studies makes a 
convincing case for the direct imaging of ionic clusters. This is 
because of the small size of the clusters (less than 5 nm based on 
scattering studies) and difficulties encountered in sample prepara
tion. The entire problem was reexamined in 1980(21). In this study 
ionomers based on ethylene-methacrylic acid copolymers, sulfonated 
polypentenamer, sulfonated polystyrene and sulfonated ethylene-
propyl ene-diene rubber (EPDM) were examined. The transfer theory of 
imaging was used to interpret the results. Solvent casting was found 
to produce no useful information about ionic clusters, and microtomed 
sections showed no distinct domain structure even in ionomers neutra
lized with cesium. Microtomed sections of sulfonated EPDM, however, 
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Fig. 2. Model cf the ionomer sructure. (reprinted with 
permission from ref 65. Copyright 1974 John Wiley and Sons). 

J % D2Q 

18.6 

Ο .05 .10 .15 .20 . 25 

Q, A" 1 

Fig. 3. Neutron scattered intensity vs. scattering vector for a 
17 mol% cesium sulfonated polypetenamer. Numbers above each 
curve indicate weight percent D?0. (reprinted with permission 
from ref 20. Copyright 1982 American Chemical Society) 

In Coulombic Interactions in Macromolecular Systems; Eisenberg, A., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



8 C O U L O M B I C I N T E R A C T I O N S IN M A C R O M O L E C U L A R S Y S T E M S 

appeared to contain 300nm phase separated regions. Osmium tetroxide 
staining of these EPDM sections revealed domains averaging less than 3 
nm in size primarily inside those regions. Unfortunately, the section 
thickness prohibited an accurate determination of the size distribu
tion or the detailed shape of these domains. 

APPLICATIONS 

Ionomers of practical interest have been prepared by two synthetic 
routes: (a) copolymerization of a low level of functionalized monomer 
with an olefinically unsaturated monomer or (b) direct functionaliza-
tion of a preformed polymer. Typically, carboxyl containing ionomers 
are obtained by direct copolymerization of acrylic or methacrylic acid 
with ethylene, styrene and similar comonomers by free radical copoly
merization. Rees (22) has described the preparation of a number of 
such copolymers. The resultin  copolyme  i  generall  availabl
the free acid which can
metal hydroxides, acetate
al.(23-26) have described the preparation of sulfonated ionomers by 
copolymerization of sodium styrene sulfonate with butadiene or 
styrene. 

The second route to ionomers involves modification of a preformed 
polymer. Sulfonation of EPDM, for example, permits the preparation of 
sulfonated-EPDM with a level of sulfonate groups in proportion to the 
amount of sulfonating agent(27). These reactions are conducted in 
homogeneous solutions permitting the direct neutralization of the acid 
functionality to the desired level. Isolation of the neutralized 
ionomer is effected by conventional polymer isolation techniques, such 
as coagulation in a nonsolvent or solvent flashing. These procedures 
are detailed in several patents and publications(28-31). 

Ionic Elastomers and Plastics 

Over the past 30 years a number of ionic elastomers and plastics have 
been developed that possess a wide variety of properties leading to 
different applications. A l i s t of some representative ionomers is 
given in Table I. 

In the early 1950's, B.F. Goodrich introduced the first commercial 
elastomer based on ionic interactions, a poly(butadiene-co-acry-
lonitrile-co-acrylic acid). Typically less than 6% of carboxylic 
monomer is employed in order to preserve the elastomeric properties 
inherent in these systems. When neutralized to the zinc salt, these 
elastomers display enhanced tensile properties and improved adhesion 
compared to conventional copolymers. This enhancement of properties 
can be directly attributed to ionic associations between the metal 
carboxylate groups. 

A second family of ionic elastomers based on the sulfonation of 
chlorinated polyethylene was also introduced in the early 1950*s by E. 
I. du Pont de Nemours & Co., Inc. Curing these materials with various 
metal oxides gives rise to a combination of ionic and covalent cross
links, and these elastomers are commercially available under the trade 
name Hypalon. 
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In the mid-1960's Dupont introduced poly(ethylene-co-methacrylic acid) 
under the trade name Surlyn; these were partially neutralized with 
sodium or zinc cations. These modified polyethylenes possess re
markable clarity and tensile properties superior to those of con
ventional polyethylene. The high melt viscosity that results from 
ionic interactions that persist even at elevated temperatures offers 
advantages in heat sealing and extrusion operations. Other properties 
attributable to ionic aggregation include toughness, outstanding 
abrasion resistance, and oil resistance in packaging applications. 

A specialty class of carboxyl containing elastomers are the telechelic 
ionomers. In these systems the carboxyl functionality terminates both 
ends of the polymer chain. Such polymers range in molecular weight 
from 1500 to about 6000. These materials can be prepared via several 
synthetic routes involving anionic or free radical initiated polymeri-
zation(32-34). Recently  telecheli  sulfonat  ionomer f poly
isobutylene have been synthesized(35)
opportunity to assess th  length,
tecture, cation type, and the influence of polar additives on ionomer 
properties. 

Thermally reversible ionomers based on styrene-butadiene rubber, SBR, 
were prepared by 6unisin(36). The incorporation of functional monomers 
containing acid, amide, or amine side groups is achieved by emulsion 
terpolymerization techniques. Usually the amount of the functional 
monomer is kept low, about 1-3%. Metal or halogen ions are incorpo
rated either by coagulation or bulk mixing. The tensile properties of 
these polymers are enhanced by ionic associations, and this technique 
may be used to enhance green strength in elastomers where this charac
teristic is deficient. Gunisin also reports that blends of an SBR 
containing small amount of N-(isobutoxymethyl)acrylamide, IBM, salts 
with plastics such as polystyrene or styrene-acrylonitrile copolymers 
result in impact strength substantially higher than with systems 
without IBMA. 

A thermopolastic elastomer based on sulfonated-EPDM, S-EPDM, was 
developed in the 1970's by Exxon and more recently by Uniroyal. 
Unlike the synthesis of the carboxylate ionomers described above, 
S-EPDM is prepared by a post-polymerization sulfonation reaction(28). 
Compared to the metal neutralized S-EPDM, the sulfonic acid derivative 
is not highly associated. The free acid materials possess low 
strengths and are less thermally stable. The metal salts of S-EPDM 
have properties comparable to crosslinked elastomers, but they do 
exhibit viscous flow at elevated temperatures. In the absence of a 
polar cosolvent, such as methanol, hydrocarbon solutions of the metal 
salts of S-EPDM are solid gels at polymer concentrations above several 
percent(31). With the addition of 1 to 5% alcohol the polymer solution 
becomes fluid with solution viscosities of the order of 10 to 100 
poise. 

Most of the published work on ionomers has been concerned with dif
ferent approaches to incorporation of ionic groups and the resulting 
influence of these associations on bulk or solution properties. 
Studies by Makowski et al.(37), Agarwal et al.(38), Weiss(39) and 
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Duvdevani(40) have been directed at modification of ionomer properties 
by employing polar additives to specifically interact or plasticize 
the ionic interactions. This plasticization process is necessary to 
achieve the processability of thermoplastic elastomers based on 
S-EPDM. Crystalline polar plasticizers such as zinc stéarate can 
markedly affect ionic associations in S-EPDM. For example, low levels 
of metal stéarate can enhance the melt flow of S-EPDM at elevated 
temperatures and yet improve the tensile properties of this ionomer at 
ambient temperatures. Above its crystalline melting point, ca. 120°C, 
zinc stéarate is effective at solvating the ionic groups, thus lower
ing the melt viscosity of the ionomer. At ambient temperatures the 
crystalline additive acts as a reinforcing f i l l er . 

Weiss, et al.(41) have studied the effect of the counterion on the 
physical properties of sulfonated polystyrenes with degrees of sub
stitution up to 21 mol%  The  neutralized thes  material  with
d i - , and tri-substituted
C 2 Q . They demonstrated  significantly 
weakened as the size of the cation increased. In fact, for extremely 
bulky substituents such as in tri-stearyl or tri-lauryl amine salts 
the glass transition temperature and the melt viscosity were much 
lower than for the unionized polystyrene. This work represents the 
first case where ionic substituents were used to internally plasticize 
a polymer. It also demonstrates the extreme flexibility one has to 
vary the properties of an ionomer by selection of the counterion. 

Membranes 

Crosslinked polyelectrolyte resins in the form of beads, powders, 
membranes and coatings are useful in a variety of separations appli
cations, e.g., ion-exchange and electrodialysis(42,43). Over the past 
40 years there has developed an extensive literature dealing with the 
swelling, ion-exchange and transport properties of these materials. 
The relationship between these properties and factors such as cross
link density, pK and number density of ionogenic groups, nature of 
counterion, and external solution concentration have been established 
through exhaustive experimental studies. These developments have been 
accompanied by molecular or semi-molecular theoretical models of the 
thermodynamic states of crosslinked polyelectrolyte gels and by 
continuum mechanical models of the steady-state transport of electro
lytes through such gels. 

In the last I960's ionomer membranes became available. In contrast 
with the traditional ion-exchange resins, ionomers are rendered 
insoluble by the presence of crystalline domains and ionic clusters. 
A good measure of past and continuing interest in ionomer membranes 
issued from the development of perfluorinated ionomers, the first-
announced being Nafion(44). These materials are characterized by 
remarkable chemical resistance, thermal stability and mechanical 
strength, and they have a very strong acid strength, even in the 
carboxylic acid form. The functionalities that have been considered 
include carboxylate, sulfonate, and sulfonamide, the latter resulting 
from the reactions of amines with the sulfonyl fluoride precursor. 
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Although perfluorinated ionomers have been evaluated as membranes in a 
number of applications, such as water electrolysis, fuel cells, 
air-driers, Donnan dialysis in waste metal recovery, and acid 
catalysis, the primary system of practical interest is the production 
of chlorine and caustic by electrolysis. The major advantage of a 
membrane process is the ability to produce high concentration caustic 
soda directly without requiring the energy intensive evaporation step. 
Use of the perfluorinated membrane results in long separator l i fe
times, product purity, and high efficiency with low power consumption. 
The significance of these membranes within the context of chlor-alkali 
electrochemical cells is discussed by Dotson later in this book. 

The economic advantge of chlor-alkali processes based on ionomer 
membrane technology over more traditional separation processes has 
spawned considerable research in an effort to develop relationships 
between the microstructur f th  ionome d th  selectiv
of ions acorss these membranes
the chemistry and physic  engineer
ing aspects of their performance. For example, a direct investigation 
of the operating parameters on the performance of a chlor-alkali cell 
as been described by Yeager and Malinsky(45). Using a laboratory-
scale cell designed for automated operation, they characterized 
membrane permselectivity and resistance as a function of solution 
concentration, temperature, and current density. 

On the other hand, the nature of the microstructure and the physics of 
concentrated electrolytes in the context of these systems have also 
been considered. Hsu(46) has formulated a theoretical percolation 
model of ion transport that considers ionic clusters that conduct 
water but which cannot contribute to long-range transport at low water 
contents where no connectivity of clusters is expected. As the water 
content increases, an insulator-to-conductor transition occurs at a 
cluster volume-fraction percolation threshold. 

Infrared studies of ionomers have provided information on the cluster 
and microstructure and the nature of ion-ion, ion-water, and water-
backbone interactions(47,48). Risen(49) has extended thee studies 
into the far-infrared spectral region that is characterized by ion 
motion vibrational bands that reflect the force constants of cation-
anion sidechain interactions. In a later chapter of this book Risen 
discusses results for Nafion and several other ionomers, and he 
relates his findings to the energetics of macromolecular organization 
and the glass transition. From the standpoint of industrial appli
cations of ionic separations using ionomer membranes, these studies 
may ultimately prove to be important in the understanding the relaxa
tion behavior of ionomers. 

Until recently, perfluorinated ionomrs with high equivalent weights 
were believed to be insoluble. Covitch(50), however, has identified a 
number of solvents and dissolution procedures for the sulfonyl fluo
ride precursor and sulfonate and carboxylate Nafion ionomers with 1100 
to 1200 equivalent weight. This development has great potential for 
the preparation of sulfonate and carboxylate ionomer blends, the 
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application of very thin films to electrodes or other substrates, and 
the production of porous membranes that may be useful in chlor-alkali 
diaphram cells and solid polymer electrolyte electrodes. 

Polyelectrolyte Complexes 

Mixtures of oppositely charged polyelectrolytes dissolved in water can 
interact to form a variety of precipitates, gels, or phase-separated 
solutions. What is formed depends on the mixing conditions and the 
density of ionic charges carried by the polymer chains. Polyelectro
lytes with high charge densities usually interact to form precipi
tates. As the charge density decreases, liquid-liquid phase separa
tion, called complex coacervation, occurs. 

Complex coacervation was extensively studied between 1930 and 1945 by 
Bungenberg de Jong and coworkers(51)  Although thi  focused it
studies on the bheavior
capable of forming comple  example, comple
vates have been formed from gelatin and pectin, serum albumin and gum 
arabic, haemoglobin and gum arabic, dupin and gum arabic and histon 
and DNA. These biopolymers will also form complex coacervates with 
various synthetic polyelectrolytes. 

Complex coacervation is affected by pH, polyelectrolyte concentration, 
polyelectrolyte mixing ratio, and the neutral salt concentration. It 
normally occurs over a limited pH range and is suppressed by neutral 
salts. The optimum polyelectrolyte mixing ratio is that which neutra
lizes the ionic charges carried by the polyelectrolytes. The coacer
vation intensity is increased by dilution, which has led some re
searchers to suggest that complex coacervation is the mechanism by 
which various polymeric species are selectively isolated and concen
trated in biological systems. 

Although complex coacervation has been known since the 1930's, the 
phenomenon was not commercially exploited until 1957. At that time, 
Green and Schleicher(52) developed a process for fabricating micro-
capsulates by coacervating gelatin with gum arabic. This process 
played a key role in the development of carbonless copy paper and led 
to other studies of the gelatin-gum arabic encapsulation process. As 
a result, a wide range of hydrophobic materials, such as liquid 
crystals, flavors, fragrances, vitamins, and organic solvents, can now 
be microencapsulated with gelatin-gum arabic coacervates. 

Because of the success of gelatin-gum arabic microcapsules, encapsu
lation processes based on other complex coacervation reactions are 
receiving considerable attention. The driving force for this activity 
is to reduce the materials costs and to alter the capsule properties 
by using different polyelectrolytes. Two reactions that have been 
used successfully are the coacervation of gelatin with polyphos
phate^) and the coavervation of pi 5 gelatin with pi 9 gelatin(54). 
The gelatin-polyphosphate interactions are more intense than the 
gelatin-gum arabic interactions, while the gelatin pI5-gelatin pI9 
interactions are less intense. 

In Coulombic Interactions in Macromolecular Systems; Eisenberg, A., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



14 C O U L O M B I C I N T E R A C T I O N S IN M A C R O M O L E C U L A R S Y S T E M S 

The formation of microcapsules is only one example of the use of 
polyelectrolyte complexes. Another example is the formation of a 
permselective membrane around live cells by a complex formed between 
alginate and poly(L-lysine)(55). This complex is formed under mild 
conditions so as not to harm the cells, and the membrane can be 
tailored so that i t is permeable to cell nutrients, but impermeable to 
the cellular products. This process is of interest to those concerned 
with large-scale cell cultures. 

Biopolymers 

With the exception of natural polyisoprene, all the important bio
logical macromolecules are polyelectrolytes. Proteins contain weakly 
acidic and weakly basic groups and their net charge is affected by the 
pH of the surrounding medium. The nucleic acid backbone incorporates 
the relatively more acidic phosphate diester linkage in strict alter
nation with D-ribose o
negative linear charge
ficant pH range. Many naturally occurring polysaccharides are non-
ionic. The majority are, however, polyelectrolytes with charges 
arising either from weakly acidic uronate carboxyl groups or from 
strongly acidic sugar sulfate derivatives; the linear charge densities 
at neutral pH vary widely depending on the chemical structure. Ionic 
derivatives of certain neutral polysaccharides, most notably, carboxy-
methyl cellulose, are of considerable commercial importance. 

The ionic character of biopolymers is important in guaranteeing that 
they are well solvated in the predominantly aqueous media in which 
they function. Most biological macromolecules are not dissolved 
( i .e . , molecularly dispersed) in vivo. Their cellular structures, 
however, are usually in intimate contact with the ambient aqueous 
solution of the cytoplasm or intercellular fluid and must be able to 
readily interact with i t . 

These interactions are frequently ionic in character. The coulombic 
forces of interaction between macroions and lower molecular weight 
ionic species are central to the life processes of the cel l . For 
example, intermolecular interactions of nucleic acids with proteins 
and small ions, of proteins with anionic lipids and surfactants and 
with the ionic substrates of enzyme catalyzed reactions, and of ionic 
polysaccharides with a variety of inorganic cations are all improtant 
natural processes. Intramolecular coulombic interactions are also 
important for determining the shape and stability of biopolymer 
structures, the biological function of which frequently depends 
intimately on the conformational features of the molecule. 

Theoretical considerations of the coulombic interactions of dissolved 
biopolymers have produced a complete picture of the distributions of 
counter and coions under the influence of the electrostatic charge on 
the macroion(56,57). The counterion condensation theory of Manning(56) 
has stimulated a great deal of activity in the study of dissolved 
macroions, especially because i t provides a group of limiting laws 
describing the contribution of electrostatic effects to the thermo
dynamic and transport properties of polyelectrolyte solutions. Data 
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gathered over the past decade confirm the general validity of the 
limiting laws of counterion condensation theory. An alternative 
approach, complementary to the counterion condensation theory, has 
been to solve the classical Poisson-Boltzmann equation(57). When the 
macroion is modeled as an infinite cylinder, an idealization also 
employed in counterion condensation theory, limiting laws in agreement 
with those from the Manning theory are obtained(57). In addition, 
more direct information about the distribution of small ions in the 
vicinity of the macroion becomes available. 

Several chapters of this book discuss applications and extensions of 
the theory of polyelectrolyte solutions. Counterion condensation 
theory postulates that for a cylindrical macroion, i f the linear 
charge density exceeds a well-defined critical value, a sufficient 
fraction of the counterions will "condense" into the immediate domain 
of the macroion so as t  reduc  th t charg  densit  du  t  th
macroion and its condense
condensation is predicte
charge density. 

Counterion condensation theory, however, does not provide a detailed 
picture of the distribution of the condensed ions. Recent research 
using the Poisson-Boltzmann approach has shown that for cylindrical 
macroions exceeding the critical linear charge density the fraction of 
the counterions described by Manning theory to be condensed remain 
within a finite radius of the macroion even at infinite polyion 
dilution, whereas the remaining counterions will be infinitely dis
persed in the same limit. This approach also shows that the con
centration of counterions near the surface of the macroion is re
markably high, one molar or more, even at infinite dilution of the 
macromolecule. In this concentrated ionic milieu specific chemical 
effects related to the chemical identities of the counterions and the 
charged sites of the macroion may occur. 

An important application of polyelectrolyte theory has been to eluci
date the role of the tightly held counterions in those conformational 
changes of biopolymers that may alter the liner charge density of the 
macroion and thus the numbers of bound counterions(58,59). Because 
substantial changes in the numbers of bound counterions may accompany 
a given conformational change, the equilibrium distribution of the 
system among the several conformational forms of a macroion may be 
quite sensitive to the added salt concentration. Significant small 
ion redistribution may also occur upon interaction of two biopolymer 
molecules. The influence of low molecular weight electrolyte concen
tration on the equilibria and kinetics of the interactions between 
nucleic acids and proteins suggests that salts may play an important 
regulatory role in the protein-nucleic acid interactions involved in 
gene expression(60). Similarly, the stabilities of ordered structures 
in ionic polypeptide chains are markedly affected by interactions with 
small molecules of opposite electrical charge(61). This has implica
tions for the conformational changes induced in certain peptide 
hormones as a consequence of interactions with anionic lipids of the 
sort that might occur at or near receptor sites on the cell surface. 
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The electrostatic potential generated by a dissolved biological 
macroion is clearly important for determining the equilibrium macro
molecular conformation and the distribution of counterions or other 
ionic ligands in its immediate environment. Recently it has been 
recognized that the electrostatic field in the vicinity of a bio
logical macroion may influence the dynamics of its biologically 
important interactions. In particular, analysis of the electrostatic 
field vectors in the vicinity of the active site of the enzyme Cu, 
Zn-superoxide dismutase (SOD) suggests that the electrostatic field is 
instrumental in guiding the negatively charged substrate, the super
oxide ion, into the catalytic center(62). Computer graphics techni
ques have been employed to resolve the contributions to the electro
static potential gradient of SOD from individual charged residues(63). 
Similar methods have been used to illustrate the electrostatic poten
tial surfaces of a variety of biological macromolecules and to empha
size electrostatic and steri  complementarit  i  biologicall  impor
tant macromolecule-ligan

Literature Cited 

1. Ionic Polymers, L. Holliday, Ed., Applied Science Publ., London, 
1975. 

2. A. Eisenberg and M. King, Ion-Containing Polymers, Academic 
Press, N.Y., 1977. 

3. Ions in Polymers, A. Eisenberg, Ed., Advances in Chem. Ser., 187, 
American Chemical Society, Wash. D.C., 1980. 

4. Perfluorinated Ionomer Membranes, A. Eisenberg and H. J. Yaeger, 
Eds., ACS Symposium Series 180, American Chemical Society, Wash 
D.C., 1982. 

5. Developments in Ionic Polymers-I, A. D. Wilson and H. J. Proser, 
Eds., Applied Science Publ. London, 1983. 

6. E. P. Otocka, J. Macromol. Sci.—Revs. Macromol. Chem., C5(2), 
275 (1971). 

7. W. J. MacKnight and T. R. Earnest, Jr. , J. Polym. Sci., Macromol. 
Rev., 16, 41 (1981). 

8. C. G. Bazuin and A. Eisenberg, Ind. Eng. Chem. Prod. R&D, 20, 271 
(1981). 

9. W. J. MacKnight and R. D. Lundberg, Rub. Chem. Tech., 57(3), 652 
(1984). 

10. A. Eisenberg, Macromolecules, 3, 147 (1970). 

11. W. Forsman, Macromolecules, 15, 1032 (1982). 

12. T. R. Earnest, J. S. Higgins, D. L. Handlin and W. J. MacKnight, 
Macromolecules, 14, 192 (1981). 

In Coulombic Interactions in Macromolecular Systems; Eisenberg, A., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



1. WEISS ET AL. Ion-Containing Polymers 17 

13. W. J. MacKnight, W. P. Taggart and R. S. Stein, J. Polym. Sci., 
Polym. Symp. No. 45, 113 (1974). 

14. E. J. Roche, R. S. Stein and W. J. MacKnight, J. Polym. Sci., 
Polym. Phys. Ed., 18, 1035 (1980). 

15. M. Fujimura, T. Hashimoto and H. Kawai, Macromolecule, 15, 136 
(1982). 

16. D. J. Yarusso and S. L. Cooper, Macromolecule, 16, 1871 (1983). 

17. G. Fournet, Acta Cryst., 4, 293 (1951). 

18. C. T. Meyer and M. Pineri, J. Polym. Sci., Polym. Phys. Ed., 16, 
569 (1978). 

19. M. Pineri, R. Duplessix
Polymers, Advance , , , 
Wash. D.C., 1980, p. 283. 

20. T. R. Earnest, Jr. , J. S. Higgins and W. J. MacKnight, Macro
molecules, 15, 1390 (1982). 

21. D. L. Handlin, W. J. MacKnight and E. L. Thomas, Macromolecules, 
14, 795 (1980). 

22. R. W. Rees, U.S. Patent 3,322,734, to Ε. I. Dupont de Nemours & 
Co., 1966. 

23. R. A. Weiss, R. D. Lundberg, and A. Werner, J. Polym. Sci., 
Polym. Chem. Ed., 18, 3427 (1980). 

24. R. A. Weiss, S. R. Turner, and R. D. Lundberg, J. Polym. Sci., 
Polym. Chem. Ed., 23, 525 (1985). 

25. S. R. Turner, R. A. Weiss, and R. D. Lundberg, J. Polym. Sci., 
Polym. Chem. Ed., 23, 535 (1985). 

26. R. A. Weiss, S. R. Turner, and R. D. Lundberg, J. Polym. Sci., 
Polym. Chem. Ed., 23, 549 (1985). 

27. R. D. Lundberg, H. S. Makowski and L. Westerman, in Ions in 
Polymers, A. Eisenberg, Ed., Adv. Chem. Ser. No. 187, American 
Chemical Soc., Wash. D.C., 1980, p. 67. 

28. H. S. Makowski, R. D. Lundberg and G. S. Singhal, U.S. Patent 
3,870,841, to Exxon Res. & Eng. Co., 1975. 

29. Ν. Η. Canter, U.S. Patent 3,642,728, to Esso Res. & Eng. Co., 
1972. 

30. H. S. Makowski, J. Bock and R. D. Lundberg, U.S. Patent 
4,221,712, to Exxon Res. & Eng. Co., 1980. 

In Coulombic Interactions in Macromolecular Systems; Eisenberg, A., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



18 COULOMBIC INTERACTIONS IN MACROMOLECULAR SYSTEMS 

31. R. D. Lundberg and H. S. Makowski, in Ions in Polymers, A. 
Eisenberg, Ed., Adv. Chem. Ser. No. 187, American Chemical Soc., 
Wash. D.C., 1980, p. 21. 

32. S. E. Reed, J . Polym. Sci. A-l , 9, 2147 (1971). 

33. D. N. Schulz, J. C. Sandra and B. G. Willoughby, ACS Symp. Ser, 
166, Amer. Chem. Soc., Wash. D.C., 1981, Chap. 27. 

34. G. Brozo, R. Jerome and Ph. Teyssie, J. Polym. Sci., Polym. Let. 
Ed., 19, 415 (1981). 

35. Y. Mohajer, D. Tyagi, G. L. Wilkes, R. Storey, and J. P. Kennedy, 
Polym. Bull., 8, 47 (1982). 

36. B. Gunisin, this volum

37. H. S. Makowski, P  Agarwal, ,  Lundberg, 
Polym. Preprints, 20(2), 281 (1978). 

38. P. K. Agarwal, H. S. Makowski, and R. D. Lundberg, 
Macromolecules, 13, 1679 (1980). 

39. R. A. Weiss, J. Appl. Polym. Sci., 28, 3321 (1983). 

40. I. Duvdevani, this volume. 

41. R. A. Weiss, P. K. Agarwal and R. D. Lundberg, J. Appl. Polym. 
Sci., 29, 2719 (1984). 

42. F. Helfferich, Ion Exchange, McGraw Hill, N.Y. 1962. 

43. J. A. Marinsky, Ion Exchange, V. I., Marcel Dekker, Ν. Y. 1966. 

44. "Nafion" is a registered trademark of Ε. I. DuPont de Nemours Co. 

45. H. L. Yeager and J. D. Malinsky, "Permselectivity and Conductance 
of Perfluorinated Ionomer Membranes in Chior-Alkali Electrolysis 
Process", presented at the Amer. Chem. Soc. Mtg., Philadelphia, 
Aug. 1984. 

46. W. Y. Hsu, "Composite Nature of Ionomers", presented at the Amer. 
Chem. Soc. Mtg., Philadelphia, Aug. 1984. 

47. K. A. Mauritz, C. J. Hora, and A. J. Hopfinger, in "Ions in 
Polymers", A. Eisenberg, Ed., Advances in Chem. Ser., 187, 
American Chemical Society, Wash. D.C., 1980, p. 123. 

48. M. Falk, in "Perfluorinated Ionomer Membranes", A. Eisenberg and 
H. L. Yeager, Eds., ACS Symp. Ser., 180, American Chemical 
Society, Wash. D.C., 1982, p. 139. 

In Coulombic Interactions in Macromolecular Systems; Eisenberg, A., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



1. WEISS ET AL. Ion-Containing Polymers 19 

49. W. M. Risen, Jr. , "Spectroscopic Studies of Ionic Interactions in 
Ionomers", presented at the Amer. Chem. Soc. Mtg., Philadelphia, 
Aug. 1984. 

50. M. J. Covitch, "Solution Processing of Perfluorinated Ionomers: 
Recent Developments", presented at the Amer. Chem. Soc. Mtg., 
Philadelphia, Aug. 1984. 

51. H. G. Bungenberg de Jong, in Colloid Science, v. II, H. R. Kruyt, 
ed., Elsevier, New York, 1949, chap. 8 and 10. 

52. Β. K. Green and L. Schleicher, U.S. Pat. 2,800,457 (1957). 

53. G. Horger, U.S. Pat. 3,872,024 (1975). 

54. A. Veis, J. Cohen  and C  Aranyi  U.S  Pat  3,317,434 (1967)

55. F. Lim and R. D. Moss, , ,  (1981)

56. G. S. Manning, Acc. Chem. Res., 12, 443 (1979). 

57. C. F. Anderson and M. T. Record, Jr. , Ann. Rev. Phys. Chem., 33, 
191 (1982). 

58. M. T. Record, Jr. , C. F. Anderson, and T. M. Lohman, Q. Rev. 
Biophys., 11, 103 (1978). 

59. G. S. Manning, Q. Rev. Biophys., 11, 179 (1978). 

60. M. T. Record, Jr. , "Regulation of the Equilibria and Kinetics of 
Interactions of Proteins and Nucleic Acids by Inorganic Acids", 
presented at the Amer. Chem. Soc. Mtg., Philadelphia, Aug. 1984. 

61. W. L. Mattice, "Conformational Changes Accompanying the Inter
action of Anionic Detergents with Cationic Polypeptides", pre
sented at the Amer. Chem. Soc. Mtg., Philadelphia, Aug. 1984. 

62. E. D. Getzoff, J. A. Tainer, P. K. Weiner, P. A. Kollman, J. S. 
Richardson, and D. C. Richardson, Nature, 306, 287 (1983). 

63. P. K. Weiner, J. A. Tainers, E. D. Getzoffs, and P. A. Kollman, 
"Electrostatic Forces Between Ligands and Macromolecules", 
presented at the Amer. Chem. Soc. Mtg., Philadelphia, Aug. 1984. 

64. F. C. Wilson, R. Longworth, and D. T. Vaughan, Polym. Preprints, 
9, 505 (1968). 

65. W. J. MacKnight, W. P. Taggart, and R. S. Stein, J. Polym. Sci., 
Polym. Symp., 45, 113 (1974). 

RECEIVED October 21, 1985 

In Coulombic Interactions in Macromolecular Systems; Eisenberg, A., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



2 
Morphological Studies of Model Ionic Polymers 
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Carboxy-halato-telechelic polymers have been studied as 
models for the more complex ionomers. The effects of 
well-controlled parameters such as the nature of the metal 
cation, molecular weight between ionic groups, swelling by 
polar and nonpolar solvents, ion content and temperature 
on the size and organization of the aggregates have been 
investigated by small angle x-ray scattering using a 
synchrotron radiation source. The principal factor 
governing the organization of the ionic domains was found 
to be the root mean square end-to-end distance between 
the ionic groups. Although aggregation of the ions is 
dominated by electrostatic interactions, the nature of the 
cation was found to be only of secondary importance. All 
the results could be described in terms of ion-multiplets. 
No evidence was found for cluster formation. 

In spite of substantial experimental evidence that aggregation occurs in 
ion-containing polymers in the bulk, the detailed nature of this aggregation is 
s t i l l unclear. Based on energetic calculations and on an apparent transition in 
the mechanical and thermodynamic properties wi th increasing ion content, 
Eisenberg ( 1) postulated the existence of two steps in the ion aggregation 
process: F i r s t , multiplets, containing not more than eight ion pairs and no 
organic monomers are formed, driven by an attractive dipolar interaction. 
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Over a cr i t ica l ionic concentration, these multiplets aggregate into larger, 
ill-defined units called clusters which include both ionic and nonionic material. 
A significant body of experimental data has been rationalized by assuming the 
existence of these two types of aggregates. 

Structural models have also been proposed, based principally on 
small-angle x-ray scattering ( S A X S ) results from a large variety of 
ion-containing polymers. A l l models consider the multiplet as the basic 
scattering unit but attribute the origin of the characteristic broad S A X S 
maximum to either an interference between aggregates (2,3) or to the internal 
structure of noninteracting particles (4,5). Spherical or lamellar aggregates 
have been assumed, where the distr ibution in sizes or separation distances has 
been taken into account to fit the data in each particular case. However, no 
clear picture of the aggregates has emerged due to the number of parameters 
involved in the structural models. In addition, the molecular properties of 
most of the ionomers studie

In order to gain som
morphology of ion-containing polymers, we have studied halato-telechelic 
polymers (HTP) as model compounds for the more complex ionomers. Their 
molecular properties are well defined and easily varied, as a series of recent 
articles has shown (6-13). Of cr i t ica l importance is the fact that the ionic 
groups are located at the chain ends wi th a characteric separation distance. 
These differ from most ionomers where the ion pairs are located on pendant 
groups randomly spaced along the chain. 

We report here a morphological study on a series of H T P using S A X S . 
In particular, the effect of the metal cation, ion-content, temperature, 
molecular weight between ionic groups and swelling by polar and nonpolar 
solvents on the size and organization of the aggregates is examined. 

Experimental 

Polymer Preparation. Two bifunctional (telechelic) polymers were used in this 
study. Carboxy-telechelic polybutadiene (PB) is commercially available from 
R. F . Goodr ich (Hycar C T B 2000X156) wi th molecular characteristics of 
M n = 4 , 6 0 0 , M w / M n = * 1 . 8 , functionality=*2.00 and c i s / t r ans /v iny l ratio of 
2 0 / 6 5 / 1 5 . Carboxy-telechelic polyisoprene (PIP) was prepared by anionic 
polymerization in T H F at - 7 8 ° C wi th α -me thy l s ty rene tetramer as a 
difunctional init iator. The l iv ing macrodianions were deactivated by 
anhydrous carbon dioxide. F ive polymers were_prepared wi th M n = 6 , 0 0 0 
10,000, 24,000, 30,000 and 37,000 having M w / M n ^ 1 . 1 5 ; a microstructure 
ratio of 3, 4 / 1 , 2 of 65 /35 , respectively, and a functionality >1.95. 

The H T P s were then obtained by neutralization of the polymers in 
solution wi th highly reactive metal alkoxides or a lky l metals under strictly 
anhydrous conditions, following a procedure described in detail elsewhere 
(6,7). When the very rapid reaction is completed, the polymer is dried under 
vacuum to constant weight. Quantitative neutralization of the carboxylic acid 
groups can be achieved as evidenced by infrared spectroscopy. Once in the 
bulk state, a l l samples were kept under atmospheric conditions and protected 
from light. 
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The dried polymers were compression molded into 1-mm thick disks at 
100°C and cooled under pressure for 4 hours. When studied in solution, the 
H T P were examined as prepared. The concentration was adjusted by variation 
of solvent content. Concentrations were determined by evaporation of the 
solvent from a known volume of solution and weighing the remaining dried 
polymer. 

Small Angle X- ray Scattering 

X - R a y Scattering. A l l S A X S experiments were performed at the Stanford 
Synchrotron Radiation Laboratory (SSRL) using the S A X S camera at beam 
line 1-4. Preliminary experiments were conducted at L U R E - D C I Orsay at 
beam line D - l l . Both facilities have been described elsewhere (14,15). 
Briefly, at S S R L , the beam is horizontally focused and monochromated 
( λ = 1 . 4 1 2 Α ) by a bent, sil ico
float glass mirror so that th
detector is ca. 150x400 μπι. Two detectors placed immediately before and 
after the specimen constantly monitor the beam decay and the sample 
absorption. The scattering profiles were recorded on a one-dimensional 
self-scanning photodiode array wi th a time resolution on the order of 0.5 sec. 
Two sample to detector distances were used covering a q-range from 0.008 to 
0 .32A" 1 (q=4?r/X sin 0 /2 , where Θ is the observation angle and λ is the 
wavelength). The data corrected for dark current, detector homogeneity, 
parasitic scattering and sample absorption were matched in the region of 
overlap. Scattering profiles are presented as normalized intensities versus 
scattering vector q. Conversion to absolute scattering units involves a simple 
multiplicative factor. Smearing effects due to the dimensions of each pixel in 
the photodiode array were not taken into account. However, only at very 
small scattering angles does this become problematic. 

Experiments involving temperature variation or swelling were performed 
in real time as either the temperature was changed or as the swelling solvent 
was introduced. 

Data Analysis 

Standard techniques have been used to analyze the S A X S profiles (1J>). A 
Guinier analysis of the low q portion of the curves could not be uti l ized since 
a plot of ίη I(q) against q 2 was not linear over the q-range investigated. This 
would have given an estimate of the size of the entities giving rise to the 
zero-order scattering. 

The asymptotic form of the scattered intensity, derived by Porod and 
Debye for a two-phase system separated by a sharp interface, is given by: 

l im q 4 I(q) 
ι _ ο (1) 
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where K p is the Porod constant, O / V is the interfacial area per unit volume 
and φ the volume fraction of one of the phases. The radius of the ionic 
domains R D were deduced assuming spherical particles. Electron density 
fluctuations I f l and diffuse phase boundary thicknesses E D were derived from 
the deviation to Porod's law. 

The density fluctuations show the presence of ions in the nonionic 
matrix or of polymer in the ionic microphase. However, the latter 
contribution is negligible since the volume fraction of the ionic phase is so 
small. 

In some cases, a Debye-Bueche analysis was attempted. In such an 
analysis, the spatial correlation function is given by: 

y(r) = exp(- r /a) (2) 

where a is a correlation distance. The correlation distance is related to the 
average size of the heterogeneitie
interpretation is difficult t

Experimental Results 

Nature 9l î ^ e Cation. Typical S A X S profiles are shown in Figure 1, for two 
salts of dicarboxylic PB containing 2.3 m o l % of acid groups (or percent of 
charged monomers). A l l show the broad maximum, centered around 
q = 0 . 1 A - 1 , characteristic of ionomers and usually taken as evidence for ionic 
aggregation. This maximum is not seen in the acid form, however. Two other 
features of importance are the shouldering on the high q side of the main 
peak, not usually observed in other systems and a scattering at very small 
scattering angles often neglected in the interpretation of the data. The results 
summarized in Table I, show that: 

• d, the distance between scattering domains derived from Bragg's 
law applied to the peak, varies l i t t le wi th the nature of the ion and 
does not seem to be related to its ionic radius. 

• 1/d increases wi th the charge density of the domains q p / m 
(Figure 2) where q, ρ and m are the charge, density and atomic 
weight of the metal cation, respectively. A asymptote at higher 
q p / m values appears to have been attained. Fo r zero charge 
density, the data extrapolate to the root mean square end-to-end 
distance of the PB chain. It should be noted that similar tendencies 
are observed if the data are plotted as a function c q / a , the 
parameter introduced by Eisenberg, where c is the anion 
concentration and a is the distance separating the charges, c q / a 
relates the cr i t ical concentration for clustering and glass transition 
temperature of the ionomer to the various ions. However , 
evaluation of the parameter a is not straightforward and involves 
an assumption on the structure of the multiplets. 
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Figure 1. S A X S profiles of dicarboxylic poly (butadiene) having molecular 
weight 4600 neutralized wi th (a) M g + + and (b) T i + + . 
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Table I. S A X S Data for P B wi th Different Cations 

Cat ion ionic q d ( A ) R D ( A ) E D ( A ) 

Κ 1.33 + 1 71.6 11.1 5.8 

Be 0.34 +2 59.8 9.15 2.6 
M g 0.74 +2 63.0 7.75 0.75 

(*)Cu 0.80 +2 54.3 6.2 1.5 
Ba 1.38 2 75.3 6.9 2.0 

Fe 0.67 + 3 56.1 6.1 1.6 

T i 0.64 +4 57.8 7.65 0.8 
Z r 0.82 +4 87.1 8.2 7.0 

(*)75% neutralized 

0.02 

0.01 

0.0 0.1 0.2 0.3 

q p / m ( c o u l / c m 3 ) 

Figure 2. Var ia t ion of the reciprocal of the Bragg spacing (1/d) wi th 
charge density of the metal cation (qp/m). The extrapolated value of zero 
charge density corresponds to the root mean square end-to-end distance of 
the P B chain. 
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• In general, the phase boundary, E D , between the ionic domain and 
the hydrocarbon matrix appears to be sharp. In fact, the values of 
E D are effectively zero to wi th in experimental errors. The only 
exceptions to this are the K + salt, the only monovalent salt 
studied, and the Z r 4 + salt. 

Molecular Weight Variat ion. F ive jamples of carboxylato-polyisoprene 100% 
neutralized wi th M g (PIP-Mg) , of M n ranging from 6,000 to 37,000 and low 
polydispersity, were investigated. 

A maximum in the scattering profiles was observed for M n = 6 , 0 0 0 , 
10,000 and 24,000, a shouldering on the zero-order scattering for M n = 3 0 , 0 0 0 
and only a very weak zero-order scattering for M n = 3 7 , 0 0 0 . It was, therefore, 
impossible to precisely relate the variation of q m a x to M n , and we can only 
state that d is strongly dependent on molecular weight  i.e., distance between the 
charges along^he chain. I
varies wi th M n , where th  group  pe
ranges from 0.37 to 2.12. Sincej t was impossible to ascertain whether or not 
aggregation was present in the M n = 3 7 , 0 0 0 sample, we did not quantitatively 
analyze these data. 

Fo r the other samples (Table II), the electron density fluctuation 
scattering for the P I P - M g series is much lower than for P B - M g which has a 
larger polydispersity, indicating that very few ions are outside the ionic 
domains. The aggregate radius R D and the diffuse boundary thickness E D are 
independent of M n ( R D ^ 6 A ; E D ^ 2 A ) . The volume fraction of the domains φ 
decreases as M n increases. A Debye-Bueche analysis of the scattering profile 
shows that the correlation length increases continuously wi th M n . There is no 
discontinuity in any of the physical quantities measured as a function of M n , 
which would reflect a change in size, shape or organization of the aggregates. 
Quite simply, as M n increases, the ionic domains appear to be pushed further 
apart. 

Toluene Swelling. A l l samples swell substantially when immersed in toluene. 
It is assumed that toluene, a good solvent for polybutadiene, wi th a low 
dielectric constant (e =2.38 at 25° C) is absorbed preferentially in the 
hydrocarbon polymer phase and excluded from the ionic domains. Swelling is 
then equivalent to changing the distance between domains. 

Two different experiments were compared. F i r s t , P B - T i was swollen 
from the dry state by injecting toluene into the sample cel l . The microscopic 
swelling, measured by the displacement of the S A X S peak ( d / d Q ) was 
compared to the macroscopic swelling, measured by a change in linear 
dimensions of the sample ( V / V ^ 1 / 3 . In a second experiment, solutions were 
prepared at fixed concentrations, between 7 χ 10" 2 and 9χ 1 0 ' 1 g / c m 3 . A s 
shown in Figure 3, d / d Q is proportional to ( V / V 0 ) 1 / / 3 except at very high 
degrees of swelling. Note that the peak is s t i l l visible even when the volume 
has increased by a factor of 14. 
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Table II. S A X S Data for P I P - M g Molecular Weight Series 

R D ( A ) 
t ο 

E D ( A ) Φ Μ 8 χ ΐ ο 3 I F L a ( A ) 

6,000 5.5 2.0 1.95 30.7 65.6 
10,000 6.9 2.0 1.27 11.8 74.8 
24,000 5.3 2.7 0.53 16.8 74.2 
30,000 5.4 

* R D values are accurate to wi th in ± 1 5 % . 

^Values of E D reported are effectively zero to wi th in experimental errors. 

(V/V 0)' 

Figure 3. The microscopic swelling (d /d Q ) as a function of the macroscopic 
swelling ( { V / V Q } ) for P B T i using toluene as the swelling solvent: ο 
samples swollen from the dry state, · samples prepared in solution. The 
dashed line corresponds to an affine swelling. 
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The relative electron density fluctuations Ι ρ ι / Φ decreases as the 
concentration of polymer in toluene φ increases. The S A X S invariant, Q , 
proportional to the volume fraction of the domain, increases wi th increasing 
φ. R D and E D were found to be independent of φ. Taken together, these 
results indicate that when formed, the ionic domains are the same size. 
However , as the distance between the ionic domains increases, more of the 
chain ends are forced into the hydrocarbon matrix. This results in a less 
homogeneous network that can distort as more solvent is added. This is also 
confirmed by the fact that the breadth of the S A X S reflection relative to the 
posit ion of the maximum, i.e., A q / q m a x , increases as φ decreases. A t lower 
concentrations, the S A X S profiles are skewed towards the higher scattering 
vectors. This could easily result from an increased contribution to the S A X S 
from the zero-order scattering. Similar swelling behavior was found for a l l of 
the divalent cations studied. It is interesting to note that the materials were 
somewhat brittle in the swolle  stat  i  that the  easil  fractured durin
handling. In addition, i f th
would dissolve. These result  strongly sugges
(multiplets) acting as the effective crosslinks are not static in structure and 
have the capacity to rearrange wi th the application of a strain. 

The effects of swelling were reversible provided the swelling ratio 
( V / V Q ) was less than 1.5. Removal of the solvent restored the original 
structural features of the specimen. 

Water Swelling. If water (or any polar solvent) can penetrate the bulk of the 
polymer, i t should be preferentially located in the ionic domains, thereby, 
creating domains wi th a high dielectric constant. It could, therefore, produce 
a morphology of the ionic aggregates different from that of the anhydrous 
material. 

B y immersing the sample in water at room temperature for several 
hours, we found that the P I P - M g and P B - T i samples did not swell 
significantly. However, a very thin layer on the surface became opaque. The 
S A X S maximum was displaced to lower q values by 7% and 3 % , respectively. 
The most dramatic effects, however, were found for the samples of P B - M g 
(Figure 4) neutralized to 80% and 100%. In these specimens, the swelling 
appeared uniform and the peak sharpened dramatically and was shifted to 
lower q's by as much as 2 5 % . A s expected, the water uptake owas 
accompanied by an increase in domain size from 6 .2A to 11.5A for P B - M g 
(100%) and from 5 .8A to 13.6A for P B - M g (80%) wi th a very slight increase 
in E D . The Porod invariant Q and zero-order scattering also decreased. 

These results are consistent wi th an increase in the ionic domain size 
wi th water since this would cause a reduction in the domain electron density 
and, consequently, the total scattering. The invariance of the interphase is 
surprising, since the domain would be expected to become more diffuse in 
nature. It is apparent, however, that the hydrocarbon matrix must contain 
some dissolved ions which are necessary to make the matrix polar enough to 
support the transport of the water. 

In Coulombic Interactions in Macromolecular Systems; Eisenberg, A., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



2. W I L L I A M S E T A L . Morphological Studies of Model ionic Polymers 31 

Influence of Degree of Neutralization. A s was mentioned earlier, a change in 
the molecular weight between the ionic groups necessitates a change in the ion 
content of the ionomer. The major consequence of this is to change the 
average distance between charges along the chain. The ion content may also 
be varied by changing the degree of neutralization of the diacid P B . This also 
means that there are carboxyl chain ends in the sample. Figure 5 shows a 
most striking effect where the d-spacing increases as the degree of 
neutralization increases from 2 0 % to 100%, following a sigmoidal shaped 
curve. R D is independent of the degree of neutralization, I F L stays constant 
but there is a large decrease in zero-order scattering. 

Note that a maximum was observed for a l l ion contents studied ranging 
from 0.47 to 2.33 metallic groups per 100 monomers. It is, however, diff icult 
to quantitatively interpret these data since several parameters are 
simultaneously varying. A t 100% neutralization or N = l , a l l chain ends 
(except for a few isolated
decreases, more chains ar
necessarily aggregate but may dissolve in the organic matrix. This could 
change the dielectric constant of the medium in which the aggregates are 
embedded and, therefore, the ionic interactions. A s more chain ends are freed, 
the network formed by the aggregates becomes looser and the aggregates can 
come nearer one another. Inhomogeneities in the sample are also more l ike ly 
to occur in the partial ly neutralized specimens. 

Temperature. Heating the ionomers to 1 0 0 ° C , the annealing temperature, 
does not significantly change the scattering profile. Above 1 0 0 ° C and up to 
200° C , when degradation of the polymer sets in , the zero-order scattering 
increases, the fluctuation scattering increases and the distance, determined 
from the peak posit ion, decreases. The maximum is less intense and much 
broader but s t i l l exists at the highest temperature. The effect is much more 
dramatic for P B - M g than for P B T i . 

It is apparent that a slow melting of the ionic domains occurs above 
1 0 0 ° C and more chain ends are forced onto the matrix. The domains become 
smaller and the distr ibution of separation distances broadens. 

Conclusions 

The use of halato-telechelic polymers as model compounds for ionomers has 
proven useful in gaining some insight into the mechanism of ionic aggregation 
in these compounds. We can conclude that aggregates exist i n a l l compounds 
studied in the form of multiplets. This confirms the data on the local 
environment around the cation obtained by E X A F S on the same samples 
neutralized wi th Z n , T i , B a , Fe and C u 0 3 ) . There is, however, no evidence 
for the existence of two different types of aggregates or of a cr i t ica l 
concentration for clustering. It seems more l ike ly that the cations are either 
included in the multiplets or isolated in the matr ix, in agreement wi th the 
conclusions of Yarusso et al. on sulfonated polystyrene ionomers (3). 
__ The principal factor governing the organization of the multiplets is the 
M n of the chain between charges. Furthermore, i f the polydispersity is low, as 
for halato-carboxyl polyisoprene, almost a l l cations are in the ionic aggregates, 
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Figure 4. Time evolution of the S A X S for the 100% neutralized P B - M g 
swollen with water: ( t Q ) in i t ia l , (tj) 12 hrs and ( t 2 ) 48 hrs. 

L(A) 

0.0 0.4 0.8 

Fraction Neutralized 

Figure 5. The Bragg spacing as a function of the ion content for P B - M g . 
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and there is, as evidenced by the low fluctuation scattering and the lack of 
water uptake, complete microphase separation between ionic and organic 
phases. 

Al though the configuration of the chain between charges could not be 
determined from the variation of the spacing wi th molecular weight (both M 1 

or M 1 / 2 variations were compatible wi th 3 data points), the amount of 
swelling observed before disruption of the aggregates is so large that a random 
co i l configuration is l ike ly . 

Once formed, the aggregates are very stable (temperature stabil i ty, very 
slow dissolution in polar solvent). If there is complete phase separation, they 
have a good stabili ty in the presence of humidi ty , wi th only a thin surface 
layer being affected. 

Al though aggregation is governed by the electrostatic interactions, the 
nature of the cation is only of secondary importance in the overall 
organization of the aggregate
separation distance on charg
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3 
Cation-Anion and Cation-Cation Interactions 
in Sulfonated Polystyrene Ionomers 
Spectroscopic Studies of the Effects of Solvents 

J. J. Fitzgerald and R. A. Weiss 

Institute of Materials Science, University of Connecticut, Storrs, CT 06268 

The vibrational mode  group  lightly 
sulfonated polystyrene ionomers are affected by changes 
in its local environment. In dry materials, the coun
terion imposes a strong electrostatic field on the sul
fonate anion that polarizes the S-O dipole and shifts the 
asymmetric and symmetric vibrations to higher frequen
cies. The addition of solvent weakens the polarization 
by the cation and shifts the vibrational frequencies to 
lower frequencies. These results are explained in terms 
of a solution shell around the cation. 

ESR analysis of Mn-SPS and Cu-SPS showed that in the 
bulk the cations are primarily associated. In solution 
the ratio between associated and isolated cations depends 
on the polarity of the solvent. The more polar the sol
vent, the greater is the extent of isolation of the 
cation. 

Ionomers are of considerable technological and sc i e n t i f i c interest 
due to the unique mechanical and rheological properties that arise 
from intermolecular interactions of the ionic moieties. The litera-
ture concerning ionomers i s now quite extensive and several recent 
reviews(1-3) and books(4,5) discuss the synthesis, structure, and 
properties of these materials. 

Surprisingly few studies have focused on the effect of sol
vents or diluents on the structure and properties of ionomers. 
Solution results are scarce due to the limited solubility of 
ionomers in conventional solvents, because of the strong inter
molecular associations of the ionic groups(6,7). 

Very few studies have considered the behavior of ionomers in 
relatively polar solvents, i.e., solvents with high dielectric 
constants, ε. Schade and Gartner(8) compared the solution behavior 
of ionomers derived from copolymers of styrene with acrylic acid, 
methacrylic acid, or half esters of maleic anhydride in tetra-
hydrofuran (THF), a relatively non-polar solvent (ε - 7.6), and 
dimethyl formamide (DMF), a polar solvent (ε = 36.7). They ob-
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served a polyelectrolyte effect in dilute solutiong +of the sodium 
(Na ) salts i n DMF, but not for the magnesium (Mg ) salts. The 
authors concluded that in the case of the Na-salt i n DMF the car
boxyl group i s f u l l y ionized and the increase in the reduced v i s 
cosity at low polymer concentrations (the polyelectrolyte effect) 
i s a result of elongation of the polymer chain due to intrachain 
electrostatic repulsions between the ionized anions. For divalent 
cations such as Mg ion-pairs are favored, and intramolecular 
associations of the carboxylate groups occur in very dilute solu
tions. When THF was used as the solvent no dissociation of the 
cation and the anion occurred and ion-pair interactions pre
dominated for both salts. 

Similar solution behavior was reported(9-11) for sulfonate 
ionomers. Rochas et al.(9) observed a polyelectrolyte effect for 
acrylonitrile-methallylsulfonate copolymers in DMF. Lundberg and 
Phillips(10) studied th
stants ranging from ε -
viscosity of the sulfoni
fonated polystyrene (SPS). For highly polar solvents such as DMF 
and dimethylsulfoxide (DMSO, ε • 46.7) they observed a polyelec
trolyte effect, but for relatively non-polar solvents such as THF 
and dioxane (ε β 2.2) no polyelectrolyte effect was observed. Like 
Schade and Gartner, these authors concluded that polar solvents 
favor ionization of the metal sulfonate group while non-polar sol
vents favor ion-pair interactions. 

Weiss et al.(11) observed similar effects of solvent polarity 
on the solution behavior of copolymers of styrene and sodium 
styrene sulfonate and the Na-salt of an SPS with a lower backbone 
molecular weight than that studied by Lundberg and P h i l l i p s . Weiss 
and co-workers observed no such behavior with a mixed solvent of 
toluene (ε - 2.4) and methanol (ε « 32 +6). Insight of the d i f f e 
rences in the solution behavior of Na and Mg salts of the car
boxylate ionomers in DMF reported by Schade and Gartner, i t i s 
worth noting that neither Weiss et a l . nor Lundberg and ^ h i l l i p s 
reported data i n polar solvents for cations other than Na . 

Several spectroscopic studies(12-14) considered hydration of 
perfluorosulfonate ionomers ("Nafion"). Lowry and Mauritz(12) and 
Falk(13) used infrared spectroscopy to study the effects of water 
and counterion _on the sulfonate anion. They observed that water 
shifts the -SO ̂  symmetric stretching vibration to lower frequency 
and narrows the absorbance band. The magnitude of the shift de
creases with increasing cation radius, and the shift begins at 
lower water to ionic group ratios for the heavier cations. The 
authors explained this i n terms of a multistage association-
dissociation equilibrium between bound and unbound cations. Ion 
pair formation tends to polarize the S-0 dipole due to the strong 
electrostatic f i e l d of the adjacent counterions. Hydration of the 
ionomer shifts the equilibrium to greater dissociation. This i s 
accompanied by a shift i n the SO " stretching vibrations to lower 
frequency which corresponds to less polarization of the S-0 dipole. 

Komoroskjj and Mauritz(14) studied the hydration of Nafion 
ionomers by Na-NMR, and they concluded that the interactions of 
the Na counterions with the sulfonated resin can be treated in 
terms of an equilibrium between strongly associated ions and re-
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latively free ions. At low water concentrations these authors 
observed a large chemical shift of the Na resonance that they 
attributed to the formation of contact ion-pairs. At higher water 
concentrations they observed that the majority of ions were 
dissociated hydrated ion pairs. 

The work described i n the present paper concerns the influence 
of water and organic solvents on the ionic interactions in lig h t l y 
sulfonated polystyrene (SPS) ionomers. The focus w i l l be spe c i f i 
cally directed towards the influence of the solvent environment on 
the cation-anion and cation-cation interactions. Fourier transform 
infrared spectroscopy (FTIR) was used to probe the former while 
electron spin resonance spectroscopy (ESR) was used to study the 
latter. Experiments were carried out with dissolved, swollen, and 
bulk ionomers. 

Experimental Section 

Sample Preparation 

The starting polystyrene homopolymer was obtained from Poly-
sciences, Inc., and had number-average and weight-average molecular 
weights of 20,000 and 203,000, respectively, as determined by gel 
permeation chromatography. SPS was prepared using the method out
lined by Makoswki and Lundberg(15). The sulfonated polymers were 
neutralized i n toluène/methanol solutions (90/10 v/v) with excess 
sodium hydroxide, manganese acetate, copper acetate or zinc acetate 
to form the sodium, manganese, copper, and zinc salts, respective
l y . The resulting ionomers were recovered by steam d i s t i l l a t i o n , 
washed with methanol and dried for at least 48 hours under vacuum 
at 90eC. 

FTIR Spectroscopy 

Thin films, 25 to 76 ym thick, were prepared by compression molding 
at 180eC. A Nicolet 60SX Fourier transform infrared (FTIR) spec
trometer was used to obtain^the infrared spectra. One hundred 
scans were taken with 2 cm" resolution. Hydrated samples were 
parepared by suspending a film above d i s t i l l e d water at 25°C i n a 
closed v i a l . 

ESR Spectroscopy 

Electron spin resonance (ESR) measurements were made with a Varian 
E-3 spectrometer operating at an X-band frequency. Samples were 
prepared by compression molding as previously described. A quartz 
solution c e l l made by Wilmad Glass Co. was used for measurements on 
solutions· 

Results and Discussion 

FTIR Spectroscopy (Background) 

Liang and Krimm(16) discussed the infrared spectrum of polystyrene, 
summarizing the frequency, relative intensity and origin of each 
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absorbance band. These assignments were based on symmetry con
siderations of a monosubstituted benzene ring. 

After sulfonating polystyrene the symmetry of the monosub
stituted benzene ring i s altered, and this affects the in-plane 
stretching vibrations of the benzene ring. In addition, new absor-
bances arise from the asymmetric and symmetric stretching vibra
tions of the sulfonate group. Several previous studies have de
scribed the infrared absorbances of the sulfonate group in organic 
salts(17,18), polyelectrolytes(19), Nafion(1^13) and sulfonated 
polypentamers(20). The book by Zundel(19) gives an especially 
thorough description of the infrared spectrum of f u l l y sulfonated 
polystyrene and the effects of the counterion and hydration on the 
frequency of the sulfonate absorbance bands. -

Infrared bands at 1128 cm" and 1097 cm" in sulfonated poly
styrene result from the in-plane skeleton vibrations of a disub-
stituted benzene ring and  strongl  affected b  th d sub
stituent. An absorbanc
samples. In the hydrate  sulfonic_aci
removed from the anion, yielding the sulfonate anion, SO^", which 
has three identical S — 0 bonds that resonate between single and 
double bond character. In the dry form, the sulfonic acid, -SO^H 
group, exhibits an infrared absorbance at 1097 cm" . Another band 
occurs around 1000 cm" and i s dependent on the degree of hydra
tion^ In a dry sample this absorbance band i s observed at 1011 
cm and shifts to lower wavenumber as the sample becomes progrès-^ 
slvely hydrated. In the hydrated sample an absorbance at 1034 cm 
is present, which i s due to the symmetric stretching vibration of 
the^-SO" anion^ The SO-H group exhibits absorbance bands at 1350 
cm , 1172 cm" _gnd 90/ cm" when the sample i s dry. The absor
bance at 1172 cm results from the symmetric stretching vibration 
of two S*=0 bonds while the band at 907 cm" i s due to the stretch-
i n g 1 vibration of the S-O(H) bond. The absorbance band at 1350 
cm i s due to the asymmetric stretch of two S=0 bonds.(19) 

The local structure of the SO " ion i s tetrahedral and has C^v 

symmetry. The asymmetric stretching vibration of this ion i s 
doubly degenerate and when the sample i s neutralized the electro
static f i e l d associated with the cation polarizes the anion and 
changes the symmetry of the SO^" anion to C g symmetry. The de
generacy i s removed and the S0~ asymmetric stretch s p l i t s into a 
doublet that absorbs at arouna 1200 cm while the symmetric 
stretching vibration of the SO " ion absorbs around 1040 cm" . The 
degree of spl i t t i n g i s dependent on the strength of the electro
static f i e l d generated by the cation and, to a much lesser extent, 
the cation mass.(19) 

FTIR Spectroscopy of SPS (Dry Samples) 

The infrared spectra of polystyrene, a 7.6 mole% SPS-acid deriva
tive (H-SPS), and a 1.7 mole % Na-SPS are shown in figure 1. The 
SPS samples were compression molded at about 200°C and dried for 96 
hours at 90eC under vacuum. The IR absorbances resulting from 
sulfonation and/or neutralization of the free acid and the band 
assignments are summarized i n Table I. 
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1ÎÔÔ 1250 li00 950 555 5IÔ SoO 
WAVENUMBERS (CM-1) 

Figure 1. FTIR spectra of compression molded films of A) Poly
styrene B) H-SPS (7.6 mole %) C) Na-SPS (1.7 mole % ) . 
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The identification of the sulfonic acid and sulfonate IR bands 
is complicated by the fact that there are a number of polystyrene 
absorbances in the same region in which these absorbances occur. 
Therefore, band assignments were made not only on the basis of new 
absorbances, but also from changes i n the intensity and breadth of 
previously existing bands. For example, the band at 1176 c m ^ i n 
the H-SPS i s more intense than the absorbance^ band at 1182 cm in 
polystyrene. Therefore, the peak at 1176 cm may be the result of 
contributions from the symmetric stretch of two S*0 bonds and the 
original absorbante from the polystyrene. Similarly, the absor
bance at 907 cm in the H-SPS i s much broader than that i n poly
styrene and may include contributions from an Sj|) bond. New ab
sorbance bands appear at 1125 cm and 1102 cm , which indicate 
that the^ benzene ring i s disubstituted. The absorbance band at 
^838 cm indicates that the sample i s sulfonated in the para 
position of the benzene ring

The 1125 cm" band
attached to the benzen  ring  hydratio
sample. However, not a l l the sulfonic acid groups are hydrated. 
This i s evident from the 1005 cm band (note that this absorbance 
i s more intense and broader than the 1003 cm band i n poly
styrene), which i s due_to unhydrated sulfonic acid groups, -SO^H. 
The IR band at 1102 cm" also confirms the presence of -SO^H groups. 

For the 1.7 mole % Na-SPS, the absorbance at 1048 cm" i s 
probably due to the symmetric stretch of the SO^ anion, and the 
broad band at 1226 cm i s attributed to the asymmetric stretch of 
the SO^ anion. The second absorbance due to the asymmetric stretch 
of the SÇ^ anion i s not easily Identified, but i t appears that the 
1197 cm band i n the sulfonated polymer may include a contribution 
from t h i j vibration (note_|he difference between the ratio of the 
1197 cm and the 1155 cm" intensities in NaSPS gnd polystyrene) ̂ + 

Divalent transition metal cations such as Cu , Zn , and Mn 
show different effects presumably because the d-electrons interact 
vejv_ strongly with the SO" anions. The IR spectra of the Cu , 
Mn and Zn salts of a /.6 mole % SPS are shown in figure 2. 
These samples we^e dried at 90eC under vacuum for 48 hrs. 

_^ For the Zn salt, the broad absorbance between 1228 and 1240 
cm i s due to the asymmetric stretch of the SO^ anion. The sym
metric stretch of the SO^ anion appears as a shoulder at 1042 
cm . A band at 1009 cm results from the in-plane bending vibra
tions of a benzene ring substituted with a metal sulfonate group. 

The IR spectrum of the Mn salt shows a broad asymmetric 
stretch of the S0 3" anion between 1210 cm" and 1230 cm" . The 
symmetric stretch of the SO^" anion occurs j£ 1047 c i i ^ + and a 
strong absorbance i s again noted at 1009 cm . The^Cu salt ex
hibits a broad absorbance between 1227 and 1239 cm that may be 
attributed to the asymmetric vibration of the ̂SÔ " anion while the 
symmetric stretch occurs at around 1040 cm . The in-pjane 
skeleton vibration of_£he benzene ring occurs at 1009 cm . An 
absorbance at 1270 cm was observed in the IR spectrum of each 
transition metal salt, and although the origin of this band i s not 
clear, i t may also be due to the asymmetric stretch of the SO^ 
anion. The broadening of the IR spectra i n the region of the asym
metric stretching may be a consequence of polarization of the sul-

In Coulombic Interactions in Macromolecular Systems; Eisenberg, A., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



42 C O U L O M B I C I N T E R A C T I O N S IN M A C R O M O L E C U L A R S Y S T E M S 

IÎQÔ îàso i ioo 5iô δοο 5sô èoo 
WAVENUMBERS (CM"!) 

Figure 2. FTIR Spectra of compression molded films of A) Cu-SPS 
B) Mn-SPS C) Zn-SPS ( a l l 7.6 mole % ) . 
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fonate anion by the metal cation. Similar to the explanation jaf 
spectral broadening in dry Nafion samples by Lowry and Mauritz(12) * 
the broadened region in SPS may include a number of unresolved 
peaks arising from a multistage association-dissociation e q u i l i 
brium between bound and unbound cations. 

FTIR Spectroscopy (Hydration and Solvent Studies) 

The effect of hydration on the infrared spectrum of a 7.6 mole % 
H-SPS i s shown i n figure 3. After 19 hours the sample absorbed 
about 9% water, which corresponds to 9 moles ^ 0 per sulfonic acid 
group. This was accompanied by a large decrease in the intensity 
of the absorbance band at 117£ cm and increases in the intensi
ties of the bands at 1126 cm and 1007 cm" . This result was 
expected, since upon hydration the acidjc proton of the sulfonic 
acid i s removed from th  anio  (1176  i  characteristi f th
S«0 symmetric stretch o
due to the in-plane skeleto  in-plan g
a benzene ring with a SCL group attached) · An absorbance at 1033 
cm _ i n the 19 hour sample i s due to the symmetric stretch of the 
-SO^ and i s further evidence of hydration^ Similarly, the de
crease in intensity of the band at 1100 cm in the hydrated sample 
Indicates that fewer -S0«H groups are present. 

Further hydration or the H-SPS sample had l i t t l e influence on 
the IR spectrum. The spectra given in figure 3 for samples hydrated 
for 43 and 115 hours are similar to that obtained after 19 hours 
hydration. This result i s consistent with the observation by Lowry 
and Mauritz(12), that the IR spectrum of Nafion was unaffected by 
Increasing water concentration once a c r i t i c a l hydration occurred. 

The effect of hydration on the IR spectrum of the 7.6 mole % 
Zn-SPS i s shown in figure 4. For the sample dried at_^0 eC under 
vacuum for 48 hours the band centered at about 1232 cm i s due to 
the asymmetric strejch of the SO " anion. An intense absorbance i s 
vis i b l e at 1128 cm due to the in-plane skeleton_vibrations of the 
benzene ring perturbed by the presence of the SO^ anion substituent. 
Another intense band due to the S — Ο symmetric stretch of the 
metal sulfonate group appears at 1042 cm . 

After the sample was hydrated to about 3.5% (19 hours), which 
corresponds to 3.6 moles ^ 0 per sulfonate group, water absorbances 
were observed i n the IR spectrum at 3550 ̂cm" . The broad absor
bance band between 1154 crn^ and 1230 cm i s d i f f i c u l t to resolve, 
but the peak near 1270 cm in the dry sample disappeared in_£he 
hydrated sample and the peak at 1232 cm" moved to 1220 cm" . 
This suggests that the cation i s removed from the anion and that 
the -SO^ anion progressed towards i t s degenerate^ state (the asym
metric stretch^of the degenerate state of the SO " anion occurs at 
about 1200 cm ). Further evidence for this i s the^behavior of Jtjhe 
SOg symmetric stretch which shifted from 1042 cm" _ to 1036 cm" 
upon hydration. (The symmetric stretch of the SO^" anion i n i t s 
degenerate state occurs at 1034 cm" ). No other changes in the IR 
spectrum occurred upon further hydration. 

The IR spectrum of the hydrated 7.6 mole % Mi-SPS, was d i f f i 
cult to_^Lnterpret duetto the broadening of the spectrum between 
1160 cm and 1235 cm . However, the symmetric stretching of the 
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liBÔ 1250 1100 950 5ÔÔ 650 500 
UIAVENUMBERS (CM-1) 

Figure 3. The effect of hydration at 25eC on the FTIR spectrum 
of H-SPS (7.6 mole % ) . A) Dry sample, B) Hydrated 19 hours C) 
43 hours D) 115 hours. 

In Coulombic Interactions in Macromolecular Systems; Eisenberg, A., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



F I T Z G E R A L D A N D WEISS Sulfonated Polystyrene Ionomers 

Figure 4. The effect of hydration on the FTIR spectrum of Zn-
SPS (7.6 mole %) A) Dry sample B) hydrated 19 hours C) 43 hours 
D) 115 hours. 

In Coulombic Interactions in Macromolecular Systems; Eisenberg, A., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



46 C O U L O M B I C I N T E R A C T I O N S IN M A C R O M O L E C U L A R S Y S T E M S 

S0 Q moves from 1047 cm to 1034 cm upon hydration indicating 
dissociation of the cation and anion. The effect of hydration on 
the IR spectrum of the 7.6 mole % Cu-SPS, was similar to that of 
the other two salts. The asymmetric stretching band was d i f f i c u l t 
to interpret due to broadening but ±he symmetric^ stretch of the 
SO^" anion moved from about 1040 cm" to 1034 cm" . After 19 hours 
of hydration no further changes of the spectrum was observed. 

In their study of the hydration of Nafion, Lowry and 
Mauritz(12) concluded that water forms a hydration shell around the 
cation. This weakens the interaction between the cation and anion 
to the point where the electrostatic f i e l d of the cation has l i t t l e 
influence on the stretching vibrations of the anion. At this point 
the three S—0 bonds of the SO^" anion are identical and a single 
asymmetric stretch and a symmetric stretch should occur in the IR 
spectrum at about 1200 cm" and 1034 cm" , respectively(19) L 

Lowry and Mauritz(12 ^
metric stretch in Nafio
Figure 4 shows that i n  asymmetri
result i s not inconsistent, and both may be rationalized i n terms 
of the ionic-hydrate association model proposed by Lowry and 
Mauritz. The difference between the results in the two studies may 
be due to differences i n the a b i l i t y of water to dissociate a 
transition metal salt as opposed to an a l k a l i metal salt JLrom the 
sulfonate anion. The broad spectra for the hydrated M -SPS 
samples may be indicative of a number of different ionic-hydrate 
states. 

The effect of solvents on the interactions between the cation 
and the anion for a 7.6 mole % Na-SPS in THF, DMF, DMSO, and a 
mixed solvent of 95% toluene and 5% methanol (w/v) i s summarized in 
Table II. The samples used were gels containing about 50% polymer 
and in each case the solvent spectrum was subtracted from the solu
tion spectrum. 

Table II 

Effect of Solvent on the Stretching Vibrations 
of the Sulfonate Anion in 7.6 Mole % Na-SPS 

Symmetric- Asymmetric 
Solvent Stretch (cm" ) Stretch (cm" ) 
No solvent 1048 1226 
THF 1036 1215 
toluene/methanol (95/5) 1033 1209 
DMF 1034 1217 
DMSO — 1216 

The effects of each solvent were similar. The stretching 
vibrations of the SO^" anion decreased, which indicates that the 
solvent weakened the bond between the cation and anion. It i s 
surprising that in the context of this experiment, relatively non-
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polar THF appears to be as effective as polar DMF and DMSO at sepa
rating the Na from the SO^" anion. Furthermore, the toluene/-
methanol mixed solvent does this the most effectively. This last 
observation i s probably a result of a preferential partitioning of 
the polar methanol to the ionic species. 

ESR Spectroscopy 

Electron spin resonance (ESR) i s useful for probing the l o c a l 2 + 

interaction between paramagnetic cations. For example, both Mn 
and Cu ions exhibit distinctly different spectra depending upon 
whether the ions^are isolated from each other or associated021^24). 

Isolated Mn ions i n dilute solution exhibit six. hyperfine 
lines due to coupling of the electron and nuclear spin(21). In more 
concentrated solutions the Mn ions interact more frequently, 
which results in a broadening of the ESR spectrum  In sufficiently 
concentrated solutions
resolved and the spectru

Toriumi et a l (24) found that the ESR spectra of solid state 
Mn-SPS samples with varying sulfonate concentration could be re
constructed from a linear combination of two spectra: one pur
portedly due to entirely isolated Mn ions and one due to entirely 
associated ions. By doing so, these authors were able to estimate 
the relative concentrations of the two Mn states. For the Cu 
salt of a butadiene-methacrylic acid ionomer, Pineri et al(25) ob
served two distinct ESR signals: gne at 3385G and another at 4735G 
(f • 9.56GHz). By varying the Cu concentration in the ionomer, 
these authors were able to assign the lower f i e l d s ^ n a l to Jso-
lated Cu ions and the higher f i e l d signal to Cu Cu 
associations. 

ESR spectra of a 2.6 mole % Mn-SPS in bulk and in 5% (w/v) 
solution i n THF and DMF are shown in figure 5. The solid state 
spectrum exhibits one broad absorption indicating that the popu
lation of associated cations i s high. The spectrum for the THF 
solution shows some poorly resolved hyperfin<* +structure. This 
indicates that both isolated and associated Mn ions exist i n the 
THF solution, but the latter species^dominate the spectrum. The 
DMF solution exhibits a classical Mn solution spectrum. The well 
resolved six hyperfine lines indicate that the Mn ions are not 
interacting - that i s , there i s no perturbation of the electron 
wavefunction of one cation with the nuclear spin of another cation. 

For a toluene/methanol solution, figure 6, the hyperfine 
structure i s well resolved, but the spectrum i s broadened as a 
result of dipole-dipole interactions. As with the THF solution, 
both isolated and associated ions are present, but in toluene/-
methanol the isolated species i s predominant. Figure 6 compares 
the solution spectra of a 1.15 mole % Mn-SPS in toluene with 
various concentrations of methanol co-solvent. These materials are 
insoluble i n toluene and some methanol i s needed in order to dis
solve them. At the lowest methanol concentration studied, 2% 
(v/v), a single broad line spectrum was observed. At higher con
centrations of methanol, the six hyperfine structure became 
evident. These results indicate that the methanol i s effective at 
solvating the cations, which i s consistent with the conclusion made 

American Chemical Society, 
Library 

1155 16th St., N.W. 
Washington, D.C. 20036 

In Coulombic Interactions in Macromolecular Systems; Eisenberg, A., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



C O U L O M B I C I N T E R A C T I O N S IN M A C R O M O L E C U L A R S Y S T E M S 

Figure 5. ESR spectra of Mh-SPS (2.65 mole %) A) neat, Β) 5% 
solution i n THF C) 5% solution in DMF. 
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Figure 6. Effect of methanol cosolvent concentration on the ESR 
spectrum of Mn-SPS (1.15 mole%) in toluene/methanol solutions. 
A) 2% B) 5% C) 8%. 
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by Lundberg and co-workers(7,1^ from viscosity data. At low 
alcohol concentrations, the Mn ions are primarily associated, 
while at higher alcohol concentrations the population of Isolated 
cations becomes significant. 

As discussed i n the introduction to this paper, different 
viscosity versus concentration behavior i s observed for SPS solu
tions in toluene/methanol and in DMF. Polyelectrolyte behavior i s 
observed only in the latter solvent. The ESR spectrum of a 2.65 
mole % Mn-SPS in these two solvents was studied at various concen
trations. For both solvents, the hyperfine structure characte
r i s t i c of isolated Mn ions was observed i n very dilute solutions 
and at concentrations for which Lundberg and Phillips(10) observed 
strong intermolecular interactions. The ESR data indicate^, that in 
dilute solution in both DMF and toluene/methanol, the Mn exists 
mainly as isolated cations. In addition, the IR spectra indicated 
that the cation i s removed fro  th  anio  t  simila  degre  i
both solvents. Yet, a
mentally only in DMF solutions
dipole broadening of the toluene/methanol spectrum, the line width 
and the g-factor (g ^2,000) in both cases were identical. The 
g-factor of 2.000 i s characteristic of an isolated Mn in solu
tion (21). 

The ESR spectra of a 2.65 mole % Cu-SPS in bulk and in 5% 
solutions of 95% toluene/5% methanol and DMF are given i n figure 7. 
In a l l cases, no signal was observed above 4000G. Similar results 
were obtained at higher sulfonate concentrations. Differences i n 
the fine structure,^ the ESR spectra do, however, indicate d i f 
ferences in the Cu environment in £]jie different samples. 

The ESR spectrum of isolated Cu 2 +
c o n s * s t s °f four lines due 

to hyperfine interactions with the Cu nuclear spins(26). Dipole-
dipole an<J+exchange interactions between electron spins of neigh
boring Cu result i n broadening of the ESR spectrum. The solid 
state spectrum of Cu-SPS given in Figure 7 shows+a single broad 
line that may be due to interactions between Cu ions. More de
t a i l i s seen in the spectra of the Cu-SPS in solutions of toluene/-
methanol and DMF, though the hyperfine structure i s s t i l l not well 
resolved. Although additional study of the ESR spectra of Cu-SPS 
i s warranted, these preliminary results are in essential agreement 
with the Mn-ESR results. That i s , polar solvents are able to sol
vate interactions between the cations in these ionomers. 

Conclusions 

The vibrational modes of the sulfonate group in l i g h t l y sulfonated 
polystyrene are affected by changes i n i t s local chemical environ
ment. In dry materials, the counterion imposes a strong electro
static f i e l d on the sulfonate anion, which polarizes the S-0 dipole 
and shifts both the asymmetric and symmetric stretch vibrations to 
higher frequency. The addition of water or organic solvents vary
ing in dielectric constant from 7 to 40 weaken the polarization by 
the counterion and shift the stretching vibrations to lower fre
quencies, approaching the vibrational frequencies of the degenerate 
state of the anion, 1200 cm" and 1034 cm . The results may be 
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3080G 

Figure 7. ESR spectra of Cu-SPS (2.65 mole % ) . A) neat, B) 5% 
solution in 95% toluene/5% methanol, C) 5% solution in DMF. 
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rationalized in terms of a solvation shell as proposed by Lowry and 
Mauritz(12) for Nafion ionomers. 

Electron spin resonance spectroscopy was used to characterize 
interactions between the cations in bulk samples and in solution. 
In the solid state the Mn cations of Mn-SPS are primarily asso
ciated. In solution the ratio between associated and isolated ions 
depends upon the polarity of the solvent. The more polar the sol
vent, the greater i s the extent of isolation of the cations. Pre
liminary ESR spectra of Cu-SPS are in qualitative agreement with 
this conclusion. 
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Spectroscopic and Thermal Studies of Ionic Interactions 
in Ionomers 

V. D. Mattera, Jr., S. L. Peluso, A. T. Tsatsas, and W. M. Risen, Jr. 

Department of Chemistry, Brown University, Providence, RI 02912 

Ionic interactions in ionomer
They indirectly influence the
and the pendant sites as well as some of the spectral characteristics of polyatomic 
cations. Studies of these spectral properties are extensive. Ionic interactions are 
probed more directly by observing the vibrations of the cations at their anionic sites. 
Ion-motion vibrational bands, which occur in the far-infrared spectrum, have been 
studied in PFSA (Nafion) (1), ΡΕΜΑ (2-3), PSMA (4-5), and PSSA (6) ionomers with 
a range of cations, ionic site concentrations, and other conditions. The force field 
elements that can be derived from them reflect how the interionic forces vary with the 
nature of the ionomer. 

The leading term of the attractive part of these forces is Coulombic in origin. The 
study of the Coulombic attraction of cations and anions in ionomers is important not 
only for understanding ion-transport and salting-in processes of sparingly soluble 
salts, but also for understanding the influence of ionic forces on microstructure or 
morphology. The key idea is that the interionic forces, together with the weak 
attraction between hydrophobic polymer segments, and the forces between 
hydrophobic and ionic components drive a process against entropic factors to organize 
the ionomers into ionic domains and hydrophobic microphases that have the minimum 
free energy attainable on the time scale of the experiments. This general idea has 
been discussed extensively and treated theoretically since its introduction and early 
development by Eisenberg (7,8), Ward and Tobolsky (9), MacKnight et al (10), and 
others. The main driving force typically is thought to be the interionic attraction. 
However, the balance of enthalpic and entropie effects that leads to having the free 
energy minimum occur for the microphase-separated or domain structure is rather 
delicate. The interionic forces must be strong enough to provide most of the energy 
minimization required to overcome disordering tendencies, but they must not be strong 
enough to impose a different order. 

Of the microphase-structure dependent physical properties of ionomers, perhaps 
the most widely studied are glass transition temperatures, (Tg), and dynamic 
mechanical response. The contribution of the Coulombic forces acting at the ionic sites 
to the cohesive forces of a number of ionomeric materials has been treated by 
Eisenberg and coworkers (7). In cases in which the interionic cohesive force must be 
overcome in order for the cooperative relaxation to occur at Tg, this temperature 
varies with the magnitude of the force. For materials in which other relaxations are 
forced to occur at Tg, the correlation is less direct. 

In this paper the use of far-infrared spectroscopy to measure cation-motion bands 
is presented by considering series of ionomers in which the natures of the cation and 
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anionic sites are varied. The role of cations in influencing the glass transition 
temperatures of one series of ionomers is considered by presenting the measured Tg 
values for sulfonated linear polystyrenes neutralized by alkali and alkaline earth 
cations. 

Ion-Site Vibrat ions i n Ionomers 

The far-infrared spectra of dried alkali metal ionomers formed from 
perfluorocarbonsulfonic acid (PFSA) are shown in Figure 1, and those of analogous 
alkaline earth ionomers are shown in Figure 2. The P F S A studied was of Nafion 
type, had an equivalent weight of 1100 amu, and was 5 mil (1.3 χ 10" 4m) thick. In 
each spectrum there is a strong sharp band near 200 cm" which is due to an internal 
vibrational mode of the P F S A and a major band that is characteristic of the cation 
present. As shown in Figure 3a, the frequencies of these bands in the alkali P F S A 
ionomers decrease as the cation mass increases. The same trend is observed for the 
alkaline earth materials. The dotted connecting lines join cations of approximately the 
same mass, (eg. Sr and R
cation-motion frequency increase
frequency of each feature depends strongly on the mass and charge of the cation 
present. The bands are assigned to cation-motion vibrations, which means that the 
vibrational motion involves the motion of the cation and its site. Although the reduced 
mass of the vibration must involve more than the cation, using the lowest order 
approximation, in which the cation oscillates against a very heavy surrounding, one 
can see a cation-mass dependence of the band frequencies by plotting M ~ versus ν, 
as shown in Figuré 3b. 

The variation of the cation-motion frequency with cation charge shows that the 
spectrum probes a force field in which Coulombic interactions are important. This 
leads to the conclusion that it also should vary significantly with the charge on the 
anionic site. 

Three types of variation of the anionic site from that of the P F S A materials are 
useful to consider. One involves changing the polymeric backbone to which the 
sulfonate, SOg, units are attached. This should cause the effective charge at the site 
to vary. The second involves changing the site altogether, for example, to COo" sites, 
as found in P S M A (polystyrenemethacrylic acid) or ΡΕΜΑ (poly e thy lenemetnacry lie 
acid) ionomers. And the third, which is more difficult to achieve with certainty, 
involves varying the microstructure of the ionic region. 

The class of sulfonated linear polystyrene ionomers prepared by Lundberg and 
coworkers (11) at Exxon have sulfonate groups on aromatic rings that are pendant 
from the polymer backbone. This electronic environment should withdraw electrons 
from the atoms of the SOg~ site less than the fluoroether chains to which they are 
attached in the P F S A ionomers. Thus, the effective negative charge of the anionic 
sites in PSSA ionomers should be higher. The far-infrared spectra of dry alkali metal 
PSSA films, formed from PSSA materials in which 6.9 mole percent of the rings have 
been sulfonated, are shown in Figure 4. As can be seen in Figure 5, they and 
analogous M - P S S A films have cation motion bands that shift with cation mass in 
the manner expected from the lowest order vibrational approximation. The 
frequencies in the PSSA materials are uniformly higher than those of the analogous 
P F S A ionomers. 

Ionomers with carboxylate anionic groups exhibit both the effect of changing the 
nature of the anionic site and the effect of microstructural changes. 
Polyethylenemethacrylie acid (ΡΕΜΑ) ionomers, such as the Surlyn materials made 
by DuPont, have this anionic group. The positions of the cation motion bands of the 
alkali metal IJEMA ionomers have been found to be even higher than those for the 
analogous M - P S M A ionomers. They are listed in Table 1, where they can be 
compared to the cation-motion bands of the M - P S S A and M P F S A ionomers. 
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Figure 2. Far infrared spectra of dry M P F S A (M = Mg, Ca, Sr, Ba) 
films of equivalent weight 1100 and thickness 1.3 χ 10" m. 
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Figure 3. Variation of cation-motion band frequency with cation: (a) 
comparison of frequencies for cations of approximately the same mass 
but different charge; (b) plot of frequency versus inverse square root of 
cation mass. 
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Figure 5. Variation of cation-motion band frequency in M P S S A (6.9) 
ionomers with inverse square root of cation mass. Reproduced with 
permission from Ref. 6. Copyright 1984, John Wiley & Sons, Inc. 
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When the structure of the cation-containing environment changes significantly, 
the frequency of the vibration involving the cation is expected to change as well. 
Development of large aggregations of anions and cations in ionomers can give rise to a 
lower frequency because the reduced mass of the vibration increases and the force 
field decreases as the interionic Coulombic interactions are screened. This was 
observed in the case of sodium P S M A ionomers. As the concentration of anionic sites 
was increased in that case, the fraction of the cations in large clusters increased and a 
new cation-motion band appeared at a lower frequency than that of the band for 
similar polymers with lower methacrylate concentration. 

For each of the ionomer systems studies as well as for cations in zeolites, the 
cation-motion bands are easy to identify, because they vary in frequency 
approximately as M ~ , where M is the mass of the cation. However, M ~ clearly 
is not the correct complete reduced mass for the vibration, since that would require 
the site to be of infinite mass. A better approximation to the proper reduced mass, μ, 
can be obtained by considering at least the atoms immediately surrounding the cation. 
Typically, μ is calculated fro  model  i  which th  catio  ha  eithe  octahedral 
surrounding (for the T - ^ mode
it and the band frequency, th  (forc  constant)
can be calculated. 

Since the vibrational frequencies reflect both the nature of the cation and the 
anion and, more specifically, vary with the cationic charge and the effective anionic 
charge, it is of interest to try to put this information on a more quantitative basis. A 
potential energy function describing this type of interaction can be constructed in the 
form of a modified Rittner potential (3). The Rittner potential contains the well known 
ion-multipole terms of classical electrostatics, the van der Waals term, and a Born-
Mayer repulsion term. The degree to which the cation motion bands reflect actual 
ionic interactions can be investigated readily by taking the two main terms, the 
Coulombic attraction and the repulsion potential, and computing the dependence of the 
frequency on the properties of the cation and the effective charge, q^ , of the anionic 
site. This lead term functional form, which includes the terms that vary significantly 
with vibrational amplitude, is 

9 
U = -<ΪΑ°*Οβ 7 r + exp(-r/p) 

where q^ is the value of the cation charge, r is the cation-oxygen separation, and ρ is 
a constant equal to 0.33A. Setting its first derivative equal to zero, its second 
derivative can be evaluated at the value of r corresponding to the minimum^ Jhjs is 
the force constant, F, which is related to the bond frequency, ν (cm" ) by 4π c ν = 
F/μ. Thus, 

ν = [ q A e 2 ^ c ) 2 ] 1 / 2 [ q c ( r - 2 p ) / M r 3

f f ] 1 / 2 

which can be written as a linear equation ν — mX + b. Here, X contains the cation-
dependent terms, and the slope m scales as the square root of the effective anionic 
charge. 

A plot of ν versus X for P S S A ionomers, Figure 6, yields a reasonably straight 
line, which indicates that the use of an essentially Coulombic attractive potential 
describes the interaction over this range of mass and charge variation. As shown in 
Figure 7, the cation-motion bands for both the M P E M A and M P F S A ionomers also 
fall on reasonably straight lines. The higher slope for the M P E M A system may 
indicate that the carboxylate groups have a higher effective charge. Perhaps a more 
meaningful comparison is between the two classes of sulfonate-containing ionomers in 
which the local geometries and groups of atoms are the same. The value of m for 
M P S S A ionomers is 970 c m " 1 a m u 1 " 2 A 3 / 2 , while that for the M P F S A ionomers is 
lower at 642 c m ^ a n u i ^ A 3 7 2 . 
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Table 1. Selected Cation Vibra t iona l Frequencies (cm" ) 

Cation ΡΕΜΑ PSSA Zeolite P F S A Zeolite 
(M + ) (-C0 2 ~) (-S0 3 ") (Sitell) (-SO3") (Sitel) 

N a + 230-250 
K + 180 
Rb + 

C s + 115-135 

210 180-190 
160 133-155 

180 160-170 
150 107 

300 

I I 1 1 I 
O 02 04 

X(amuA3ite 

Figure 6. Plot of X (defined in text) versus cation motion frequency for 
MPSSA (6.9) ionomer films. 
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Cation Dependence of T g in P S S A Ionomers 

The glass transition temperatures of ionomers have been widely studied and the 
contribution of a number of compositional variables have been considered. However, it 
remains of interest to investigate the variation of Tg as the cation and the anionic 
concentration are varied in a series of ionomers of the same type. To do this, the 
values of Tg were obtained by differential scanning calorimetric (DSC) methods on Na, 
K , Rb, Cs, Mg, Ca, Sr and Ba P S S A materials with 3.4, 6.9, 12.7, and 16.7 mole 
percent sulfonation (y). They were measured on materials that had been completely 
ion-exchanged with salt solutions in methanol or ethanol and then dried with heating 
under vacuum. The DSC scans were measured once on heating the materials from 20 
to 200°C, then once after quenching from 200 to 20°C, and finally once after 
annealing by slow cooling from 200°C. The Tg values obtained on heating the 
samples that had been quenched are used for comparison and are given in Table 2. 

The averages of the Tg values for the alkali metal and alkaline earth forms of 
each of the degrees^of sulfonatio  included i  Tabl  2  Tw  trend  evident
First, among the M ionomer
than on the detailed propertie
is little dependence on either the cation or the degree of sulfonation up to at least 12.7 
mole percent. At y = 16.7, each of the cation PSSA series has a value of Tg of about 
126°C. 

The PSSA ionomers have attracted considerable interest since they were reported 
by Lundberg and coworkers (11,15). A t issue is the question of whether ionic domains 
form, what structures exist in them, and how these depend on ionic concentration, 
cation and thermal history. On the basis of the effect on the viscoelastic properties of 
PSSA ionomers caused by varying the metal sulfonate composition, Rigdahl and 
Eisenberg (16) concluded that the onset of ion clustering occurs at about 6 mole 
percent. This is supported by the fluorescence studies by Okamoto, et al (17), which 
indicated that no appreciable ion clustering occurs below 6 mole percent. However, 
Cooper and coworkers (18) reported that the results of their E X A F S experiments 
indicate that ion clustering is present at about 3 mole percent in ZnPSSA ionomers. 
Lundberg and associates (15) reported that their S A X S experiments indicate that 
clusters are present at compositions as low as 3 mole percent, resulting in a 
microphase separated material. The small angle neutron scattering (SANS) studj' of 
PSSA ionomers reported by MacKnight and coworkers (19) suggests the presence of 
ionic clusters. And, recently Weiss and coworkers (20,21) have reported several 
thermal, S A X S and ESR studies of several PSSA ionomers which are interpreted in 
terms of ionic clustering. 

In many of these studies the postulated formation of ionic domains follows the 
patterns generally expected from the idea that domain formation is favored by 
increased concentration of anionic sites and strengthened anion-cation interaction 
force. However, Weiss et al found that the behaviors of the N a - and Zn-PSSA 
materials were not as expected. Thus, they found that the annealing of compression 
molded NaPSSA tended to increase the SAXS-measured distance associated with ionic 
interactions and that the NaPSSA (5.5% sulfonate) did not flow when heated at 
300°C. On the other hand, annealing ZnPSSA (5.5% sulfonate) did not increase this 
distance, in fact it decreased it on the average while leaving the main peak 
unchanged, and the material did flow at 300°C. These observations made it appear^ 
that the ionic interactions with Ν a counterions were stronger than with Zn 
counterions. 

The Tg data helps in understanding the varied behavior of the PSSA ionomers. 
They show that up to about 13 mole percent sulfonation, that is when there are 8 or 
more styrene units between anionic sites, the Tg's of alkaline earth PSSA's do not 
vary strongly with either the nature of the cation or with y. The Tg's of alkali metal 
PSSA's in this composition range do vary with y but they do not vary systematically 
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Figure 7. Plot of X (defined in text) versus cation motion frequency for 
M P E M A and M P F S A ionomer films. 

Table 2. Tg(C) of M - P S S A Ionomers (y% SO3) 

M y = 3.4 y = 6.9 y=12.7 y=16.7 

Na 106 114 126 125 
Κ 102 118 128 126 
Rb 108 120 125 125 
Cs 103 109 127 127 
Mg 107 109 110 122 
Ca 100 104 110 127 
Sr 101 107 102 128 
Ba 107 114 105 — 
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with cation. The data also show that when the sulfonation is so high (16.7%) that 
there are 6 or fewer styrene units between anionic sites and all are within 1 or 3 units 
of such a site, the Tg's of both the M and M -PSSA's are about 126°C. Both of 
these types of cations must associate with the anionic sites on PSSA. A s 2 e x P e c t e o l 
and shown by the values of the cation-site force constant^ (6), the M cations 
associate with them more strongly. However, it is the M cations that have the 
more pronounced _effect on Tg. Thjs suggests that the roles of the cation-anionic site 
interactions in M - P S S A and M - P S S A are somewhat different. 

On the basis of these data and as suggested earlier, it is postulated that ionic 
domain formation ^ impor t an t in the M + - P S S A ionomers, but that in the case of 
these particular M - P S S A ionomers, at least, the ionic interactions are more closely 
modeled by random intermolecular and intramolecular crosslinks. The interaction of 
+ 2 cations with two anionic sites is quite strong, and there should be little or no free 
energy advantage to formation of larger clusters or domains. There clearly is no 
entropie advantage, since organization of both putative ionic domains and hydrophobic 
domains is disfavored entropically  And  it i  reasonabl  t  that th  formatio
of an A ~ - M - A " structure
energetically stable but also
the hydrophobic interactions. The randomness and independence of these crosslinks 
leaves many of the chain segments between them without any additional constraints 
from ionic interactions. Thus, up to about 13 mole % sulfonation (8 units between 
sites), most chain segments are nearly as free to be activated collectively at the glass 
transition as they would be if the ionic interactions were not present. This means that 
Tg will not depend strongly on either the nature of the +2 cation or the degree of 
sulfonation in this composition range. It also means that the material can flow at 
higher temperatures without the average cation-site distance changing, and may help 
explain the observation to this effect for ZnPSSA. 

The formation of ionic domains in the M -PSSA materials has a different effect 
on Tg. The geometric requirements imposed by the domain formation that optimizes 
the anion-cation interactions cause a larger fraction of the chain segments between 
anionic sites to be strained than would be strained if there were only random 
crosslinks. This fraction is high enough that the cooperative activation of the styrene 
units between sulfonation sites occurs at increasing temperatures as the degree of 
sulfonation increases. Thus, Tg rises with increasing sulfonation. The Tg does not 
depend strongly on the nature of the M cation since â ll of them find their lowest 
available free energy structure to be domains. The M - P S S A materials that are 
formed in a random manner, such as rapid precipitation, can be expected to form 
more extensive domains and less viscous materials upon heating. This may explain 
the fact that Na-PSSA (5.5) did not flow when heated but it did increase the S A X S -
measured distance (21). 

In the case of both M and M PSSA ionomers it is to be expected that over 
long periods of time the anion-cation interactions will approach their optimum (local) 
configuration by making small distance and angle changes at the expense of the 
weaker orientational forces of the neighboring styrene units. The temperature at 
which the additional strain of these units will be relieved is, of course, lower than that 
at which cooperative activation of styrene chain segments occurs. For polystyrene 
itself the latter occurs at ca 100°C, so it is reasonable to assign the L T E (low 
temperature endotherm) observed at 70°C for the PSSA ionomers to the relaxation of 
these local strains. This process is essentially the same as that described as 
densification of polymeric glasses during ageing. 
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5 
Chemistry in Ionomers 

D. M. Barnes, S. N. Chaudhuri, G. D. Chryssikos, V. D. Mattera, Jr., S. L. Peluso, 
I. W. Shim, A. T. Tsatsas, and W. M. Risen, Jr. 

Department of Chemistry, Brown University, Providence, RI 02912 

Ionomers are polymers that ar  functionalized with ioni  (usuall  anioni  sites) 
attached at various points
crosslinked (1-2). Such material y
anionic groups and their associated cations are microphase separated from the 
typically hydrophobic portions of the polymer. Thus, the ionic domains formed are 
isolated by a medium of low dielectric constant (i.e. the polymeric backbone) although, 
in some cases, hydrophilic channels have been reported to connect adjacent ionic 
domains (3). The size and structures of these domains vary with the nature of the 
cation, the stoichiometry of the polymer, the degree of solvation of the system and the 
method of preparation. They can be as small as ion-pairs or small multiplets, but in 
some cases they have been reported to be in the 20-100 A diameter range. 

Transition metals ions can be incorporated in ionomers by a variety of methods. 
One involves the neutralization of the acid form of the ionomer through formal acid-
base reactions. This occurs, for example, when the acid form of sulfonated 
polystyrene is reacted in solution with a metal acetate, or when an alkali hydroxide is 
reacted directly with molten polyethylene methacrylic acid. The morphologies of such 
ionomers depend on how they are treated, and, in particular, on whether they are 
annealed or desolvated. Another method involves ion exchange of dissolved transition 
metal cations for alkali or hydrogen ions in insoluble ionomer films. In this case, the 
domain structure possessed by the original ionomers can be retained, because the ion-
exchange process need not disrupt or reorganize the hydrophobic regions significantly. 
Thus, it is possible to obtain a material that has domains containing transition metal 
ions. 

These transition metal containing domains can be thought of as small chemical 
reactors since they can potentially confine reactant molecules in the proximity of 
metal ions. Some reactants (such as solvent molecules or H ) can already exist in 
the domains after ion exchange treatment. Others, such as CO, NO, C2H2, 
C2H4, N o H 4 , incorporated after appropriate exposures of the membranes, can be 
confined for long enough time for the species in the domains to interact with them as 
they would if they were surface sites exposed to gaseous reactants at much higher 
pressures. This is to say that the effective reaction time and effective concentration 
(or pressure) can be higher, and reactions can occur that otherwise would require 
more extreme conditions. Moreover, if the metal ions in the domains can be treated to 
create active sites, potential catalytic centers could be produced. 

The ionomers have other potential chemical applications as well. For example, 
upon reduction of the metal cations, metal particles could be formed with a size 
distribution controlled by the domain-morphology of the membrane. If the reducing 
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agent is H ^ , H will be provided adjacent to the metallic species within the isolated 
domain-reactor. 

The characteristics discussed above are mainly related to clustering in the ionic 
phase, but the role of the hydrophobic phase also is quite important. In some cases it 
controls the gas transport properties of the material (e.g. Ο 2 through PFSA) (4). And, 
it makes it possible to keep hydrophobic reactions in the neighborhood of the ionic 
domain species (5). Moreover, metal complexes with bulky hydrophobic ligands can be 
supported in the ionomers because of synergystic interaction of both polymer phases 
(6). Interesting electrocatalytic or photocatalytic systems take advantage of these 
unique properties of ionomers (7-8). Moreover, support of the reactants in ionomers 
may be useful for reactant/product separations. 

The studies described in this paper were designed to use the special properties of 
ionomers, but they are not the only type of chemistry that does so. Other chemical 
systems that employ ionomer properties include their use as sources of protons of high 
effective acidity (superacidity) in the catalysis of organic reactions (9-11) and their 
use as integral components o
electrode coatings) (12). 

Ionomers are certainly not the only useful support for transition metals and ions. 
Indeed, inorganic oxides, such as silica, zeolites and aluminas, are the most widely 
used at present (13). Among the organic polymeric supports now used, the most 
closely related to the ionomers are the well known ion-exchange resins. While they 
are poly electrolytic, as are the P F S A and PSSA ionomers, they are not thought to 
possess the potentially useful morphological properties of ionomers. 

The study of chemistry in ionomers will be illustrated in three ways. The first 
involves several feasibility studies, specifically the reactions of metal ions with simple 
gaseous molecules. The second involves results of studies of systems of potential 
catalytic importance. And, the third illustrates the study of particle formation and 
reaction kinetics. They are illustrative of a body of work in this area (14-18). 

Experimental Approach 

The studies mentioned here were carried out on two different ionomers, P F S A 
(Nafion ) a perfluorocarbon polymer with sulfonic groups connected to the backbone 
by fluorether chains, and PSSA (sulfonated polystyrene), kindly provided by the 
Plastics Department of the Ε. I. DuPont de Nemours Corporation and Dr. R. D. 
Lundberg of the Exxon Research and Engineering Company, respectively. Since not 
all of the materials used were commercial products, they will be referred to here by 
their acronyms. The P F S A materials are similar or the same as Nafion and were 
used in the 900-1600 amu equivalent weight range. The films used were typically 
about 25 μ m thick, which is convenient for infrared and uv-visible studies. The PSSA 
materials are sulfonated linear polystyrene and have formulae of the following form. 
Here, α = y/(x + y) represents the mole fraction of sulfonate groups after the figure. 
(The materials studied have χ values in the 0.03-0.21 range, and were formed into 
films of ca 25 μ m thickness by solution casting.) 

CHCH2"-}j CHCH2 -

è è 
S 0 3 " M + 

The transition metal ion-containing films were prepared carefully by ion-
exchange as described elsewhere (10-16). These films were mounted in appropriate 
stainless steel or pyrex glass reactors/spectroscopic cells. Both reactors, described in 
detail elsewhere, had infrared (KBr) or uv-vis (quartz) transmitting windows for 
spectroscopic studies. They were equipped with vacuum valves for evacuation and 
gas admission, a heating system and a temperature monitor. 
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The gases used in these studies were of high purity (99.99% CO, Matheson Corp; 
99.995% H 2 , Airco, Inc.; 99.995% D 2 , Matheson Corp., 99.5% 0 2 , Airco, Inc.; 99% 

CO, Monsanto Research Corp; 99.0% NO, Matheson Corp; and 99.98% C 2 H . , 
Matheson Corp.). The N O and, as necessary, other gases were passed through 
purifying traps before use. 

The infrared spectra of the ionomer films were measured using a Digilab 15B F T 
IR Spectrometer. Spectra typically were measured in the 3800-400 cm" region with 
2 cm" resolution by Fourier transforming 400 interferrograms, although many 
spectra were measured over other narrower ranges at higher resolution, as 
appropriate. The uv-vis spectra in the 700-300 nm region were recorded with a Cary 
17 uv-vis Spectrophotometer at a typical resolution of 1 nm. 

Electron microscopic measurements were made on film samples embedded in 
Spurr's low viscosity medium and microtomed into sections which were thin supported 
on Cu grids. Measurements were made on a Phillips Model 401 L S T E M operated at 
100 K V in the bright field mode at calibrated magnifications up to 500,000x. A t Jhis 
magnification the instrument i
diameter. 

Feasibil i ty of Approach: Reactions of A g , C u , Fe, N i , and Co with C O and 
N O 

In order to test the feasibility of the notion that transition metals in ionomers 
would exhibit interesting reactivity, several important types of metal ions i n ^ F S A 
ionon^ers were reacted with CO and N O under mild conditions. The ions Ag and 
Cu were chosen because their carbonyls are known to be quite difficult to f ° £ m 

without chemically forcing conditions on high surface area supports. The ions Fe , 
Ni and Co were chosen because, although their elements have well known 
carbonyls (e.g. Fe(CO) 5 , N i (CO) 4 , and Co 2(CO)g), the carbonyls typically are 
prepared by reaction with the reduced forms of the metal. In fact, Ni(CO)^ forms 
spontaneously by reacting metallic N i with CO at low pressure. On the other hand, 
most of these ions form nitrosyls by reaction with NO under mild conditions. 

As shown in Figure 1, when Ag(I)-PFSA was placed in an evacuated reactor it 
reacted with CO at low pressure (ca 0.1 atm) to form a silver carbonyl, which absorbs 
light at 2178 cm" . This reaction occurs whether the A g P F S A film is used as 
prepared by ion-exchange or whether it is dehydrated before its exposure to CO (14). 
The C - 0 vibrational frequency indicates that the Ag-CO bonding is essentially sigma 
in character, since association between a σ* CO orbital and A g without 
accompanying M-jr* interaction should increase the CO frequency from the value of 
ca 2143 cm" it would have if it were essentially unperturbed. The formation of a 
silver carbonyl in significant amount under such mild conditions is quite unusual. 

On the other hand, although the formation of carbonyls with Fe, N i and Co is 
very common, it does not occur when P F S A films exchanged with their aquated 
Fe , N i , Co , Co , or Cu ions are reacted, either hydrated or dehydrated, 
with CO in the 0.1 to 1.0 atm and 25°C to 220°C range (15). It seems clear that 
reduction of these ions is required prior to carbonyl formation. While that fact is well 
known in metal carbonyl synthesis, it isn't entirely clear why such reduction is 
necessary in this ionomer since a wide range of other metal ions in P F S A do form 
carbonyls. In some of these cases it may be that the hydration of the ions is too 
strong for the CO to displace H 2 0 to form a relatively weak association. In other 
cases the reduction may simply require more of a driving force than can be provided 
by the H 2 , which is formally or actually formed in the films through reaction of CO 
and H 2 0 . 

Other feasibility studies have focused on the study of relatively well known types 
of reaction. Thus, for example, CutNHg)^ was found by exposing Cu(II)PFSA to 
NHg(g). A reaction which served to put this system into its general chemical context 
was that of dry Cu(II)PFSA with NO(g) (14). As shown in Fig 1, a copper nitrosyl is 
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formed which exhibits a ρ (NO) of 1924 cm" . Other important reactions with NO(g) 
have been carried out with Rh (15), Ru (15), Pd (14), Co (15), N i (15), and Fe (15). 

In addition to the simple addition reactions with CO, N O and NHg, a range of 
other reactions between transition metals in P F S A and PSSA ionomers and reactive 
species have been carried out. These include the following systems: Pd-PFSA with 
CO, NO, and C 2 H 4 (14); R h - P F S A with Ho, C 2 H 4 , CO, C^Hg, and N 2 H 4 (15,17); 
Ru-PFSA with C 2 H 2 , N o H 4 , o 2, CO and Τ ζ (15,17); Pt-PF%A with H 2 , N 2 H 4 , CO, 
and C9H9 (16,17); I r - P r e A with H 2 , CO, and C 2 H 2 (16); A g - P F S A with H 2 and On 
(20); Ru-PSSA with CO, H 2 , 0 2 , and R O H (18,21); and Rh-PSSA with CO, H 2 and 
H 2 0 (17,19). 

Reactions of Potential Catalytic Interest: Transition Metal Ionomers 

A number of the reactions of metals in ionomers are of catalytic interest for three 
reasons. The first, obviously, is that catalytic reactions may occur and may proceed 
faster or under milder condition
this could happen because th
region of the metallic specie y g , , 
because the acid anions in the domains could assist the reaction. The second main 
reason is that the domain structure could impose a morphological constraint on the 
reactions. The imposition of this constraint on the process of reduction of metal ions 
to metallic particles, for example, could lead to forming a material with small particles 
with a narrow particle size distribution. Finally, the third reason is that the ionomers 
can effect separations through either their ion exchange or their gas diffusion 
characteristics. These separations could be good enough to make the ionomers useful 
catalysts even if the rates of the catalysed reactions were not the highest attainable 
ones. 

As indicated in the previous section, a range of reactions of transition metal 
ionomers of potential catalytic interest have been studied (14-23). While space does 
not permit presenting the results in detail here, it is appropriate to illustrate several 
of the types of results that have been obtained. The first involves reactions that can 
be compared readily to reactions of the same metals or ions on other supports. The 
second type demonstrates the formation of metal particles by reduction of metal 
ionomers. And, the third type concerns the catalytic potential of these types of 
systems. 

Among the most useful transition metal catalysts are ones containing supported 
Ru or Rh. Reactions of supported Rh with CO have been very widely studied. The 
reaction of Rh-PFSA materials with CO yields carbonyl species that are quite similar 
to those observed on supported or single crystal Rh (15,17). The ρ (CO) region of the 
infrared spectrum of partially dehydrated Rh(HI)PFSA and of this material after 
exposure to CO at pressures from 0.1 to 0.5 atm, followed by evacuation of the 
infrared cell, are shown in Fig 2. The bands in these spectra are due to carbonyls 
formed at Rh sites of a range of oxidation state and molecularity. For example, the 
high frequency band, at 2165 cm" , which disappears on evacuation and on 
subsequent reaction is due to CO weakly adsorbed on Rh(III), and those at ca 2110 
and 2050 cm" are due to a Rh(I) cis dicarbonyl. The reduction to the latter form is 
thought to occur as a result of the formation, formally or actually, of H 2 from the CO 
+ H 2 0 reaction in the domains. When Rh(HI)PFSA is reduced directly .with H9, it 
reacts with CO to form species assigned as Rh(I)(CO) 2 (2110 and 2050 cm ), 
Rh(0)(CO) (2080-2060 cm" 1 ), and Rh(0)M-(CO) (1830-1890 cm" 1 ) . These are quite 
similar to those seen on such supported, reduced Rh species as Rh(Al 2 Og) (24). 

The reactions of RuPSSA are even more enlightening, because they not only show 
the species found in earlier work on supported Ru but they also have permitted 
observation of a widely postulated hydride intermediate (21). Films of RuPSSA made 
by the ion exchange of Ru(III) with H P S S A achieved approximately 75% exchange. 
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Figure 1. The infrared spectra of AgPFSA (a), AgPFSA exposed to 
CO (b), and Cu(II)PFSA exposed to NO. 

Figure 2. Infrared spectra of RhPFSA exposed to CO at increasing 
pressure, temperature and evacuation. 
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These films were reacted in several sequences with CO and as well as CO and 
Ό2 to permit identification of the species formed by their infrared spectra. This is q£ 
particular value since both ν (CO) and p(Ru-H) are expected in the 1900-2200 cm" 
region. As summarized in Fig 3, treatment of RuPSSA with these gases lead to 
identification of both carbonyl and hydride species. The identification of the particular 
carbonyls should be helpful in studying Ru-based catalysts, whose ν (CO) spectra are 
complex. The identification of the hydride species, confirmed by deuteration, is novel. 
The figure also shows the positions of ρ (CO) bands resulting from the reaction of 
C H 3 O H with RuPSSA. 

Many transition metal ionomers can be reduced to the metallic form. This has 
been accomplished in several ways, including reductive deammination in the case of 
Pt(NHg) 4 PSSA (16), reduction with hydrazine followed by reductive 
deammination (15), reaction with H 2 (15-18,20), and effectively reduction with H 2 

formed by the water gas shift reaction of CO with included H9O (14-18). The 
products of these reductions, as well as these products after subsequent reaction with 
0 2 or CO, have been studied b  electro  microscopy  Whil  doe t permit
complete presentation of the
cases of Ag , Pt, Rh and Ru i
and have a quite sharp particle size distribution (17,20,22,23). Since sample handling 
methods require their exposure to air after formation, the particles should be 
considered to be oxidized to some extent. The particle size distributions for these 
particles are shown in Fig 4. A l l of the distributions are peaked in the 20-40 A 0 

diameter range. Since the metals, the degree of initial exchange, and the method of 
treatment are all quite different, we take this to mean that the P F S A morphology was 
not changed significantly by the mild solution exchange process and that it exerted 
control over the size of the particles formed upon reduction. That control was not 
complete, since the materials were heated during treatment and some distribution of 
domain sizes is expected in any event, but it must have been extraordinarily effective 
to result in particles with both a narrow size distribution and an average value that is 
close to that expected for the size of P F S A domains. 

The other conclusion reached from such studies is that only very small metal 
particles are formed under our conditions when RhPSSA or RuPSSA are reduced 
(19,21). Within our detection limits, the metal is uniformly distributed in metal 
particles of significantly less than 10 A 0 size. Since the H P S S A ionomer that also 
results from the reduction is soluble, this may provide a method for obtaining a 
dispersion of small Rh or Ru particles. 

Finally, several of the metal ionomer systems have been tested for their catalytic 
activity (17,22,23). These studies, also, are too extensive to detail here, but several 
results can be stated. Of particular importance, the reduced RuPFSA, RhPFSA and 
PtPFSA materials catalyze the oxidation of CO effectively. The order of CO oxidation 
rates is RuPFSA > RhPFSA > P tPFSA. The rate of the 2CO/O9 reaction is 
significantly lower with P tPFSA than it is with RuPFSA and RhPFSA, but its 
activation energy with P tPFSA is similar to that calculated for known SiO^-Pt 
catalysts. The fact that the rates and apparent activation energies for the reactions 
carried out with reduced RhPFSA and RuPFSA are lower than those over 
Si0 2-supported catalysts shows that the reactions are gas diffusion limited. 

Particle Formation and Reaction Kinetics: Silver(I) PFSA Reduction and 
Oxidation 

A system of controlled size, supported silver particles, such as A g - P F S A , could be 
convenient for the study of chemisorption reactions, particularly those of 0 2 , because 
of their importance in catalytic oxidations. Experiments involving the formation of 
silver particles upon reduction of A g - P F S A and their subsequent exposure to 
oxygen, will be discussed here.(20) 
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[P|-Ru(lll)(CO)2 

[P>RU(II)(CO)2 

[P]-RU(O)(CO)X 

fô-Ru-H. 11 

[pj-Ru(IH)' CH3OH . ι 
— V - U - k ; 

[ P J - R u W

Figure 3. Summary representation of infrared bands observed from 
carbonyl and hydride species formed on RuPSSA by treatments with 
CO, O2 and CHgOH. Reproduced with permission from Ref. 21, 
Copyright 1985, Academic Press, Inc. 

a. b. 

-κ . Γ 
c. d. 

Γ - 1 r- i , 
25 50 75 25 50 75 

DIAMETER, [Â] 

Figure 4. Particle size distributions in (a) P tPFSA, (b) AgPFSA, (c) 
RuPFSA, and (d) RhPFSA. 
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Exposure of A g - P F S A to H 2 (1 atm, 300 K) was monitored by IR spectroscopy. 
The spectral area between 1600 and 1900 cm" is of interest since the water 
associated with pijotonated sulfonic groups can be differentiated from the water 
coordinated to A g -sulfonic groups by their bending modes occuring in this region 
(1710 and 1620 c m " 1 , respectively, Fig 5a). Exposure of A g - P F S A to H 2 yields an 
increase in the 1710 cm" (see Fig 5b) band and this shows that reduction of Ag 
takes place under those conditions. During the reduction procedure the initially 
colorless membranes attain a yellow color. As shown in Fig 6, noticeable changes in 
the visible absorption spectrum occur after several hours of exposure to H 2 , when the 
film is characterized by an asymmetric absorption envelope in the 300-400 nm region. 
Thus we correlate their absorption features in the visible with the formation of silver 
particles upon reduction of A g - P F S A . A number of investigations of small silver 
particles (10-100 A~ in diameter) supported on a variety of substates yielded similar 
absorption characteristics in the visible. They are thought to be due to collective 
electronic excitations (plasmon modes). 

Exposure of the membrane
the cell, inverts the infrared observation
partially oxidized and become  group  change
visible spectrum are much more dramatic. A very intense band grows at ca 370 nm 
and the membranes attain a bright golden color. The evolution of the new band is 
shown in Fig 7, for a film that has been reduced for 19 hrs. (a) and then exposed to 
air for 10 (b), 20 (c), 30 (d), 40 (e) and 500 (min). This optical absorption is assigned 
to transitions that transfer charge from bulk A g to A g ions that are adjacent to 
electronegative species such as oxygen atoms. Theoretically such charge transfer 
transitions for species of the type (Ag-Ag -0) were predicted to occur in the 350-380 
nm range. If the above assignment is correct, the visible spectra of A g - P F S A 
exposed to air could reveal the details of oxygen chemisorption on the P F S A supported 
Ag particles. In Fig 8, the evolution of Absorbance at 370 nm (A^^Q) versus time of 
exposure to air is_ presented for A g - P F S A membranes prepared after various times of 
reduction of Ag - P F S A . Such kinetic data could be modelled by a function for the 
reaction rate such as dA t /dt = A^Kexpt-kt) where A+ is the optical absorbance at 
time t, A ^ that at the completion of the reaction, rL a constant and k the rate 
constant. 

Thus we tested the following rate law: 

A t 
In (1 - — ) = -kt (1) 

A plot of Eq 1 for the case of the membrane prepared by 19h of reduction is 
shown in Fig 9, for the graphical determination of k. It can be seen that although our 
model describes very well our data for times greater than 40 min., in the short time 
scale a second faster process is involved. This is a common result of all the films we 
studied. We found that in all cases our absorption versus time data fitted a curve of 
the form: 

A t = A ^ U - expt-kjt)) + Α ^ 2 ( 1 - exp(-k 2t)) (2) 

A representative fitting corresponding to Eq 2 is shown in Fig 10. The k^ and k 2 

values we calculated from Eq 2 by least squares fitting with a corelation coefficient 
higher than 0.999 are listed in Table L A l l k-̂  values are of the order of 10" s" 
where all k 2 ones are about 10 sec" . The average value of the ratios k 2 / k 1 is 
10.0. 
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Figure 5. Infrared spectra of H P F S A and AgPFSA subjected to the 
following treatments: (a) H P F S A and AgPFSA; (b) AgPFSA films 
reduced with H 2 at 1 atm and 300K for 4, 22, 47 and 67 hours; (c) 
A g P F S A films that had been reduced for 67 hours in H 2 and 
subsequently exposed to air for 0, 2, 6, and 19 hours. Reproduced 
with permission from Ref. 20, Copyright 1985, Academic Press, Inc. 

Figure 6. Visible absorption spectra of A g P F S A exposed to H« for 
(a)0 time, (b) 14 hours, (c) 19 hours and (d) 24 hours. Reproduced 
with permission from Ref. 20, Copyright 1985, Academic Press, Inc. 
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Figure 7. Visible spectra of reduced A g P F S A exposed to air for (a) 0, 
(b)10 min., (c) 20min., (d) 30 min., (e) 40 min. and (0 500 min. 
Reproduced with permission from Ref. 20, Copyright 1985, Academic 
Press, Inc. 

Figure 8. The time evolution of absorbance at 370 nm exhibited by 
reduced A g P F S A films exposed to air. The different curves correspond 
to membranes prepared after 9 (filled triangles), 14 (open circles), 19 
(open squares), 23 (open triangles) and 24 (filled circles) hours of 
exposure to H ^ . Reproduced with permission from Ref. 20, Copyright 
1985, Academic Press, Inc. 
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Figure 9. The ln[ l - (A^A^)] versus time for a reduced AgPFSA film 
exposed to air after 19 hours of reduction in H ^ . Dots represent points 
calculated from experimental data. The solid line shows the least 
squares fitting to a straight line on the long time scale. Reproduced 
with permission from Ref. 20, Copyright 1985, Academic Press, Inc. 

Figure 10. The deconvolution of the absorbance at 370 nm, Ag™, 
versus time of exposure to air plot in the case of a reduced A g P F S A 
film prepared by 19 hours of reduction. Dots represent the 
experimental data shown in Fig. 8. Dashed lines are the deconvoluted 
slow (1) and fast (2) reaction curves. The sum of these is the solid line. 
Reproduced with permission from Ref 20, Copyright 1985, Academic 
Press, Inc. 
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Table 1. Values of the Parameters of Eq. 2 for the Ag(0)PFSA Films 

Time of reduction 
(hours) 

k ^ s " 1 ) k 2 ( s" 1 ) k 2 
k l 

9 
14 
19 
23 
24 

2.8x10"* 
1.1x10"; 
1.1x10"* 
2.0x10"* 
3 .5x l0" 4 

3.47xl0"j? 
0.85x10"* 
1.08x10"^ 
2.02x10"^ 
3.42x10 3 

12.39 
7.73 
9.82 

10.10 
9.77 

Average: 9.96 
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A detailed discussion of the two parallel reactions is beyond the scope of this 
paper on ionomers, but it is appropriate to note that the fast and slow reactions are 
tentatively assigned to chemisorptions of atomic oxygen and molecular oxygen (0 2 ~), 
respectively, on the surface of silver particles in P F S A . 

Overall, this study and the others mentioned in Sections C and D illustrate that 
ionomers provide supports for a variety of interesting chemical reactions, including 
metal particle formation, which can be either quite different from those in other media 
or they can be sufficiently similar to carry out known reactions in a useful type of 
polymeric material. 
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6 
Studies on the Synthesis of Novel Block Ionomers 

Robert D. Allen, Iskender Yilgor, and James E. McGrath 

Department of Chemistry and Polymer Materials and Interfaces Laboratory, Virginia 
Polytechnic Institute and State University, Blacksburg, VA 24061 

Novel sulfonate
having "blocky" structures were synthesized via two 
completely different methods. Sulfonated ionomers 
were prepared by a fairly complex emulsion 
copolymerization of n-butyl acrylate and sulfonated 
styrene (Na or Κ salt) using a water soluble 
initiator system. Carboxylated ionomers were 
obtained by the hydrolysis of styrene-isobutyl-
methacrylate block copolymers which have been 
produced by carefully controlled living anionic 
polymerization. Characterization of these materials 
showed the formation of novel ionomeric structures 
with dramatic improvements in the modulus-
temperature behavior and also, in some cases, the 
stress-strain properties. However no change was 
observed in the glass transition temperature (DSC) 
of the ionomers when compared with their non-ionic 
counterparts, which is a strong indication of the 
formation of blocky structures. 

Ion containing polymers (ionomers) are receiving ever increasing 
a t t e n t i o n due to the dramatic e f f e c t s that small amounts of i o n i c 
groups exert on polymer properties ( l f ^ ) · Increases i n t e n s i l e 
strength, modulus, melt and s o l u t i o n v i s c o s i t y , glass t r a n s i t i o n 
temperature, and a broadening of the rubbery plateau are some of the 
major changes that occur when i o n i c groups are incorporated into 
polymers. The extent of property m o d i f i c a t i o n depends generally on 
the type, amount, and d i s t r i b u t i o n of i o n i c groups i n the polymer. 
Although u t i l i z a t i o n of a wide v a r i e t y of i o n i c groups i s po s s i b l e , 
carboxylates and sulfonates have thus far received considerable 
a t t e n t i o n . Polymer backbones modified most widely include 
polyethylene, polystyrene, p o l y ( a c r y l a t e s ) , polypentenamers, 
ethylene-propylene-diene terpolymers and polysulfones (4_-9). 
However, the major d i f f i c u l t y i n t h i s f i e l d i s the lack of a v a i l a b l e 
synthetic methods that would lead to the preparation of well-defined 
ionomeric s t r u c t u r e s . 

0097-6156/ 86/0302-O079S06.00/ 0 
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Ion containing polymers are prepared v i a two fundamentally 
d i f f e r e n t approaches. The f i r s t method involves a 
post-polymerization r e a c t i o n i n which the i o n i c group i s "grafted" 
onto a preformed polymer (4 , 1 0,11), whereas i n the second method a 
v i n y l monomer i s d i r e c t l y copolymerized with an unsaturated acid or 
s a l t d e r i v a t i v e . Another p o s s i b i l i t y , which i n fact i s a 
combination of the above two approaches, i s to copolymerize two 
covalent monomers and then dérivâtize one by, for example, ester 
h y d r o l y s i s (12). Carboxylated ionomers are generally synthesized by 
the d i r e c t copolymerization of a c r y l i c or methacrylic acid with 
v i n y l monomers. The copolymers produced are then e i t h e r p a r t i a l l y 
or completely n e u t r a l i z e d with bases to incorporate the various 
counterions (e.g. Na +, id", Zn"1-*", etc.) into the system. Sulfonate 
groups are most often introduced into the polymer backbone v i a post-
polymerization reactions using s u l f o n a t i n g agents such as a c e t y l 
s u l f a t e or S 0 3/triethylphosphate complex i n a s u i t a b l e solvent 
(4 , 1 0,11). The s u l f o n i
backbone are then n e u t r a l i z e d
d i f f i c u l t and i s l i m i t e d to only backbones which provide s u i t a b l e 
s i t e s for s u l f o n a t i o n . Therefore, although sulfonated ionomers 
reportedly e x h i b i t a s s o c i a t i o n properties f a r superior to 
carboxylated systems (4_), r e l a t i v e l y l i m i t e d work appears i n the 
l i t e r a t u r e on the d i r e c t synthesis of sulfonated ionomers from the 
respective monomers (13,14) . 

The synthetic routes discussed above u s u a l l y r e s u l t i n random 
placement of i o n i c groups along the polymer backbone, thus making 
c h a r a c t e r i z a t i o n and i n t e r p r e t a t i o n of structure - property studies 
quite d i f f i c u l t . Previous work on the synthesis of well-defined 
block and g r a f t ionomers based on polystyrene and poly(2-or 
4 - v i n y l p y r i d i n e ) have been done by Selb and G a l l o t (15,16) . They 
have synthesized these copolymers v i a anionic polymerization at 
-70°C using diphenylmethylsodium as the i n i t i a t o r i n THF. They have 
also investigated the s o l u t i o n behavior of the r e s u l t i n g ionomers 
a f t e r quaternization (17). More rece n t l y Gauthier and Eisenberg 
(30) have demonstrated the synthesis of styrene-vinylpyridinium ABA 
block ionomers and studied t h e i r thermal and mechanical p r o p e r t i e s . 
Recent work with s o - c a l l e d " t e l e c h e l i c " ionomers, where the i o n i c 
groups are located only at the chain ends, may also s i m p l i f y t h i s 
c h a r a c t e r i z a t i o n problem (18 - 2 1 ) . 

We are c u r r e n t l y exploring new routes to the synthesis of 
ionomers with c o n t r o l l e d a r c h i t e c t u r e , i . e . with c o n t r o l over the 
amount and l o c a t i o n of i o n i c groups i n the polymer backbone. One of 
our main i n t e r e s t s i s the synthesis of ion containing block 
copolymers. The a p p l i c a b i l i t y of anionic polymerization i n the 
synthesis of block copolymers and other well defined model systems 
i s well documented (22-24). Not as well appreciated, however, i s 
the blocky nature that c e r t a i n emulsion copolymerizations may 
provide. Thus, we have u t i l i z e d both anionic and free r a d i c a l 
emulsion polymerization i n the preparation of model ionomers of 
c o n t r o l l e d a r c h i t e c t u r e . In t h i s paper, the synthesis and 
c h a r a c t e r i s t i c s of sulfonated and carboxylated block ionomers by 
both free r a d i c a l emulsion and anionic polymerization followed by 
h y d r o l y s i s w i l l be discussed. 
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EXPERIMENTAL 

A) Emulsion Copolymerization 

Sodium-p-styrene sulfonate (SST) was supplied by Exxon Research and 
Engineering Co. and used without further p u r i f i c a t i o n . n-Butyl 
a c r y l a t e was a product of Polysciences, Inc. and was passed through 
a column of neutral alumina, twice, before use to remove the 
i n h i b i t o r . Potassium p e r s u l f a t e and sodium b i s u l f a t e were 
r e c r y s t a l l i z e d from d i s t i l l e d water and dried under vacuum. 
Nonionic e m u l s i f i e r (ATLOX 8916 TF) was a product of ICI Americas 
Inc. 1-Dodecanethiol ( A l d r i c h ) was used as the chain t r a n s f e r agent. 
Double d i s t i l l e d and deoxygenated water was used throughout the 
emulsion r e a c t i o n s . 

Copolymerizations were c a r r i e d out i n a 4-necked, 250 ml* round 
bottom f l a s k f i t t e d wit
thermometer, and gas (N2
60-70°C range and the
hours. The emulsion recipe used i s given i n Table I. 

TABLE I 

Ty p i c a l Emulsion Copolymerization Recipe 

Water 80 mL 

V i n y l Monomer 20 g 

Sulfonated styrene 0-2 g 

Em u l s i f i e r 0.8 g 

K 2S 20 8/NaHS0 3 0.08/0.04g 

1-Dodecanethiol 0-0.1 g 

At the end of the reactions the stable latex obtained was poured 
int o t e f l o n coated aluminum pans and dried i n an a i r oven. The 
products were then dissol v e d i n THF and coagulated i n a 
methanol/water mixture several times, before f i n a l drying. 

B) Anionic Copolymerization 

Anionic techniques were used to synthesize the block polymers which 
f u n c t i o n as precursors to ion containing block polymers. Monomers 
were c a r e f u l l y dried by repeated vacuum d i s t i l l a t i o n from CaR^ 
D i s t i l l a t i o n from d i b u t y l magnesium was also u t i l i z e d for the f i n a l 
p u r i f i c a t i o n of the hydrocarbon monomers, styrene and diphenyl 
ethylene. The methacrylate monomers may also be f i n a l l y p u r i f i e d 
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v i a the t r i a l k y l aluminum approach (25), although t h i s was not 
necessary as the Rohm & Haas i s o - b u t y l methacrylate (IBMA) used i n 
t h i s study proved to be exceedingly pure. THF was dried by double 
d i s t i l l a t i o n from sodium/benzophenone complex. 

Block polymerizations were conducted i n THF at -78°C under an 
i n e r t atmosphere. The polymerization route employed i s shown i n 
Scheme I. T y p i c a l l y , the styrene monomer was charged into the 
polymerization reactor with THF, followed by rapid a d d i t i o n of 
sec-butyl l i t h i u m . The p o l y s t y r y l l i t h i u m was then "capped" with 
1,1-diphenyl ethylene to form less b a s i c , more hindered anions so as 
to avoid deleterious side reactions to the methacrylate carbonyl. 
Just before the a d d i t i o n of methacrylate monomer (IBMA), a small 
amount of capped p o l y s t y r y l l i t h i u m was removed for GPC a n a l y s i s . 
Termination was performed several minutes a f t e r the a d d i t i o n of the 
methacrylate monomer, using a methanol/acetic acid mixture. The 
polymers were generall  i s o l a t e d b  p r e c i p i t a t i o n i n methanol
During the synthesis reaction
polystyrene and p o l y ( i s o - b u t y l
constant at 40,000 and 10,000 g/mole r e s p e c t i v e l y . 

A f t e r drying t h i s block polymer precursor, p a r t i a l h y d r o l y s i s 
of the methacrylate block lead to the ion containing block 
copolymer. The h y d r o l y s i s route i s shown i n Scheme I I . The 
h y d r o l y s i s method employed u t i l i z e d potassium superoxide as a 
general route to ester cleavage to generate i n a d i r e c t fashion 
potassium carboxylate u n i t s . 

T y p i c a l l y , the copolymer i s disso l v e d i n a mixed solvent system 
such as THF/DMSO or Toluene/DMSO. A three f o l d excess of powdered 
KO2 ( A l f a ) i s then added. Reaction time and temperature depend on 
degree of cleavage desired as well as the type and nature of the 
ester a l k y l group. The r e a c t i o n i s quenched with water. The ion 
containing block copolymer i s then r e p r e c i p i t a t e d and d r i e d . 

C h a r a c t e r i z a t i o n of Products 

I n t r i n s i c v i s c o s i t i e s were determined i n THF at 25°C using Ubbelohde 
viscometers. Molecular weights were also analyzed using a Waters 
150C GPC with microstyragel columns, although Bondagel columns were 
used i n some experiments. Thermal c h a r a c t e r i z a t i o n of the products 
were performed on a Perkin Elmer Thermal Analysis System 2. Tg's 
were determined by DSC with a heating rate of 10°C/min. TMA 
penetration curves were obtained with a constant load of 10g and 
heating rate of 10°C/min. S t r e s s - s t r a i n tests were c a r r i e d out 
using an Instron Model 2211 Tester. Dog-bone shaped samples were 
punched out of compression molded polymer films using standard d i e s . 
Tests were performed at room temperature with a crosshead speed of 
10 mm/min. Infrared spectra were obtained on a N i c o l e t MX-1 FT-IR 
Spectrometer. 

RESULTS AND DISCUSSION 

A) Emulsion Copolymerization of η-Butyl Ac r y l a t e and Sulfonated 
Styrene 

We have investigated the d i r e c t copolymerization of sulfonated 
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S-BuLi + X CH2=C 

- 7 8 ° C THF 

S-Buf-CH 2-CH -3—CH2-C 0 Li® 

O C H 2 

S-Buf-CH2-CH-} CH 2-C0 Li® 
X+l I 

etc. rAj 

CHQ 

I 
Y C H 2 = C 

COOR 

- 7 8 ° 

SCHEME I 

Anionic Synthesis of Styrene/IBMA Block Copolymer 
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styrene (SST) with η-butyl a c r y l a t e to produce ionomers. I t was 
demonstrated that emulsion polymerization i s a u s e f u l and 
p o t e n t i a l l y important technique i n the synthesis of sulfonate ion 
containing polymers by d i r e c t r e a c t i o n between the ionogenic and 
covalent monomers, provided that a "water soluble i n i t i a t o r system" 
i s used. Some workers have already reported the use of an organic 
soluble peroxide and a water soluble reducing agent during s i m i l a r 
reactions i n order to generate e f f e c t i v e copolymerization at the 
m i c e l l e i n t e r f a c e s (13,14) . 

During our studies we used both sodium and potassium s a l t s of 
SST and they behaved s i m i l a r l y as expected. The e m u l s i f i e r was a 
nonionic "alkylphenoxy-ethylene oxide" type surfactant with an HLB 
value of 15.4. The amount of SST charged was varied between 0 and 
10 percent by mole. The latex obtained a f t e r the r e a c t i o n was 
f a i r l y stable i n each case. Table II provides the data on the 
synthesis of η-butyl a c r y l a t e and sulfonated styrene ionomers  As 
expected i n emulsion polymerization
high y i e l d s . In the f i r s
(CTA) was used and except sample 1, which i s the c o n t r o l 
poly(n-butyl a c r y l a t e ) , we were not able to d i s s o l v e any others 
(samples 2,3 or 4) i n any s i n g l e solvent or solvent combinations. 
This i s a t t r i b u t e d to the combined e f f e c t s of very high molecular 
weights of the polymers produced and strong i o n i c i n t e r a c t i o n s 
between the pendant sulfonate groups on the polymer chains and 
p o s s i b l y the r e s i d u a l end groups derived from the i n i t i a t o r . 
Although these materials were not soluble, they were e a s i l y 
compression moldable at temperatures around 200°C and a l l y i e l d e d 
c l e a r , transparent f i l m s . However, when a small amount of an 
organic soluble chain t r a n s f e r agent (1-dodecanethiol) was used, i t 
was possible to obtain ionomers which were soluble i n solvents such 
as tetrahydrofuran, chloroform and toluene/methanol. 

As can be seen from the l a s t column of Table I I , DSC studies 
did not i n d i c a t e any change i n the glass t r a n s i t i o n temperature of 
the p o l y a c r y l a t e s due to the presence and/or concentration of the 
ionogenic monomer (SST) incorporated. We have observed the same 
behavior i n styrene, methyl a c r y l a t e and other systems (26). Other 
workers have also reported s i m i l a r r e s u l t s i n ionomers synthesized 
by the d i r e c t reactions of various a c r y l i c a c i d s a l t s and covalent 
v i n y l monomers (27). This i n d i c a t e s e i t h e r the simultaneous 
homopolymerization of both monomers or a "block" copolymerization. 
We were however unable to detect any high temperature t r a n s i t i o n s i n 
DSC due to the very small amounts of SST incorporated and the 
s e n s i t i v i t y of DSC method. In methyl acrylate/SST system at 8 mole 
percent SST l e v e l we were able to detect a second Tg at 330°C for 
the i o n i c block (28). However when we studied the thermomechanical 
behavior of these materials v i a TMA i n the penetration mode, we were 
able to see the dramatic e f f e c t s of ion incorporation even at very 
low l e v e l s , on the highly extended "rubbery plateau" i n SST 
containing polymers compared to the c o n t r o l poly(n-butyl a c r y l a t e ) . 
This i s i l l u s t r a t e d i n Figure 1. Attempts to p h y s i c a l l y blend the 
two homopolymers showed that they were highly incompatible as 
expected and there was no enhancement i n the thermal or mechanical 
properties of r e s u l t i n g m a t e r i a l s . The f i l m s obtained by blending 
were very cloudy, showing the d i s p e r s i o n of poly(sulfonated styrene) 
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SCHEME II 

Synthesis of Ion-Containing Block Copolymers via Superoxide 
Hydrolysis 

CH3 

R—e-CHo-CH-)— ( C H 9 - C — ) — H 
X J Y 

COOR 

DMSO/TH

CH3 CH3 

R-fCH 2-ÇH—y -—eCH2-C CH2~C >ψ-Η 

COOR C0@¥& 

*R=Me, T=25°C 
R=i-Butyl, T=85°C 

TABLE II 

Synthesis of η-Butyl Acrylate Sulfonated Styrene Copolymers 

Reaction 
nBuA SST SST CTA Yield Tg 

No (g) (g) (Xmol) T,eC t.hr (g) (%) °C 

1 10.0 — — 60 19 — 85 -55 
2 10.0 0.52 2.8 65 9 — 95 -55 
3 10.0 1.01 5.5 A5 9 — 93 -55 
4 10.0 1.90 9.8 60 5.5 — 93 -55 
5 11.0 0.99 5.5 67 24 0.13 82 -55 
6 25.0 0.40 1.0 62 5 0.09 91 -55 
7 24.2 0.80 2.0 68 5 0.09 72 — 
8 23.3 1.12 2.9 68 5.5 0.05 65 — 
9 23.3 1.50 3.8 68 5.5 0.05 68 -55 

# 2-5, K+ salt, # 6-9, Na + sal t . 
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i n p o l y a c r y l a t e . On the other hand compression molded fi l m s of the 
copolymers synthesized appeared macroscopically "homogeneous" and 
transparent, a l l of which i n d i c a t e s the formation of "blocky" 
s t r u c t u r e s . Our k i n e t i c studies on the copolymerization of SST and 
methyl a c r y l a t e i n emulsion also show the formation of "blocky" 
ionomers (28). 

S t r e s s - s t r a i n behavior of η-butyl acrylate-SST ionomers are 
given i n Figure 2. I t i s c l e a r that the incorporation of sulfonate 
groups has a remarkable e f f e c t on the behavior of r e s u l t i n g 
m a t e r i a l s . Compared with η-butyl a c r y l a t e homopolymer, i n t r o d u c t i o n 
of approximately 5 mole percent of SST into the copolymer increases 
the t e n s i l e strength more than 40-fold. The increase i n the o v e r a l l 
strength i s p r o p o r t i o n a l to the l e v e l of ion content. Modulus 
values of the r e s u l t i n g ionomers increase and elongation at break 
s l i g h t l y decreases with increasing ion content. TMA and 
s t r e s s - s t r a i n r e s u l t s ma
properties can be obtaine

B) Block Ionomers Through Anionic Polymerization and Hydrolysis 

The novel r e a c t i o n scheme which we had proposed for "blocky" 
ionomers through emulsion polymerization prompted us to prepare very 
w e l l defined ion containing block copolymers through anionic 
polymerization. The i n i t i a l system chosen for synthesis, 
m o d i f i c a t i o n , and c h a r a c t e r i z a t i o n was the p o l y - s t y r e n e - p o l y ( i s o -
b u t y l methacrylate) diblock (PS-PIBM DB) copolymer. This p a r t i c u l a r 
system was chosen for the following reasons: 

1) The a v a i l a b i l i t y , ease of p u r i f i c a t i o n , and well established 
polymerization c h a r a c t e r i s t i c s of styrene. 

2) The large body of l i t e r a t u r e a v a i l a b l e on polystyrene 
based ionomers. 

3) IBMA (Rohm and Haas) i s a methacrylate monomer of high 
p u r i t y . 

4) The methacrylate ester group may be converted, v i a 
h y d r o l y s i s , to a carboxylate ion. 

These polystyrene-methacrylate copolymers with block molecular 
weights of 40,000 and 10,000 g/mole r e s p e c t i v e l y , are thus 
precursors to carboxylate ion containing block copolymers. 

As i s evident from the GPC chromatograms i n Figure 3, both the 
diphenyl ethylene capped polystyrene and the PS-PIBM diblock 
copolymers have narrow molecular weight d i s t r i b u t i o n s . More 
importantly, no detectable homopolymer contamination i s present i n 
the very pure dib l o c k . This high s t r u c t u r a l i n t e g r i t y was achieved 
by taking the following precautions. 
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Figure 1. TMA Penetration Curves f o r η-Butyl Acrylate/Sulfonated 
Styrene Ion-Containing Copolymers. 

PERCENT ELONGATION 

Figure 2. S t r e s s - s t r a i n Behavior of η-Butyl Acrylate/Sulfonated 
Styrene Ion-Containing Copolymers. 
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1) Capping of the PS "Front Block" with 1,1-DPE to a f f o r d a highly 
hindered, les s basic macromolecular i n i t i a t o r for methacrylate 
polymerization. 

2) Slow a d d i t i o n at -78°C of IBMA to avoid thermal termination. 

3) U t i l i z a t i o n of high p u r i t y methacrylate monomers. 

Hydrolysis of th i s w ell defined diblock material proved to be 
quite d i f f i c u l t . A v a r i e t y of a c i d i c and basic h y d r o l y s i s attempts 
were made, with l i t t l e or no success. We then found evidence i n the 
l i t e r a t u r e (29) for a f a c i l e new hy d r o l y s i s method which had 
achieved very f a s t h y d r o l y s i s of methyl laurate by using s o l i d 
potassium superoxide ( Κ Ο 2 ) · We have u t i l i z e d t h i s new method 
s u c c e s s f u l l y i n the hyd r o l y s i s of polymethyl methacrylate (PMMA). 
E l v a c i t e 2041 (DuPont PMMA
s t i r r i n g over K0 2 at roo
the h y d r o l y s i s route employed , 
although PMMA i s hydrolyzed at room temperature, the b u l k i e r 
i s o - b u t y l ester group i s much more r e s i s t a n t to t h i s h y d r o l y s i s 
r e a c t i o n , and indeed, even at 80°C the hyd r o l y s i s i s slow as judged 
by FT-IR. Figure 4 shows a t y p i c a l FT-IR spectrum of the p a r t i a l l y 
hydrolyzed diblock i n the acid form. The extent of hy d r o l y s i s vs. 
rea c t i o n time i s shown i n Table III where the absorbance r a t i o of 
aci d to ester i s given. As can be seen, there appears to be an 
induction period i n t h i s h y d r o l y s i s r e a c t i o n . This may be due to 
the heterogeneous nature of KO2 i n THF/DMSO. We have also c a r r i e d 
out these reactions i n toluene/DMSO solvent mixture which quite 
s u r p r i s i n g l y gives a much more homogeneous re a c t i o n mixture. These 
KO2 reactions performed i n toluene/DMSO solvent systems show no 
induction period, thus leading to much shorter r e a c t i o n times. I t 
should also be noted that no degradation of the polymer resulted 
from these r e a c t i o n conditions as noted from GPC ana l y s i s on the 
a c i d i f i e d "ionomers", using bondagel columns and THF solvent at room 
temperature. 

C h a r a c t e r i z a t i o n of the thermal and mechanical properties of 
these systems show several marked s i m i l a r i t i e s with the po l y ( b u t y l 
a c r y l a t e sulfonated styrene) emulsion polymers discussed e a r l i e r . 
Transparent f i l m s were produced by compression molding under high 
pressures at 250°C. These ion containing block copolymers were 
i n s o l u b l e i n a l l solvents t r i e d , but di s s o l v e quickly when several 
drops of HC1 are added to convert the carboxylate ions to car b o x y l i c 
a c i d groups. As seen i n Figure 5, the block ionomer having 10 mole 
percent i o n i c content shows a very highly extended rubbery plateau 
i n the TMA experiment compared to the diblock precursor. At the 
same time, dynamic mechanical a n a l y s i s (DMTA) shows no change i n the 
glass t r a n s i t i o n behavior of the polystyrene matrix with ion 
content, as well as highly extended rubbery plateau behavior with a 
very high modulus. These two r e s u l t s are remarkably s i m i l a r to the 
very d i f f e r e n t l y synthesized b u t y l a c r y l a t e - s u l f o n a t e d styrene 
ionomers v i a emulsion copolymerization. 
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Figure 2* Size e x c l u s i o n chromatograms of (A) po lys tyrene front 
b lock (Mn 40,000 g/mole) and_(B) p o l y s t y r e n e / p o l y ( i s o b u t y l metha 
c r y l a t e ) d i b l o c k copolymer (Mn 50,000 g/mole) . 
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Figure 4. FT-IR spectra of (A) p o l y s t y r e n e / p o l y ( i s o b u t y l metha-
c r y l a t e ) d i b l o c k copolymer and (B) carboxylated block ionomer 
obtained a f t e r h y d r o l y s i s wi th KO^. 
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Figure 5. TMA Penetration Behavior of PS/PiBM Diblock Copolymer 
and Carboxylated Ionomer (5 mole percent-COO^ K®) Obtained a f t e r 
h y d r o l y s i s . 
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TABLE III 

Studies on Superoxide Hydrolysis and Cha r a c t e r i z a t i o n of the 
Products 

Sample 
No. 

Rxn. Time 
(Hr.) 

E l . V o l . 
(GPC) 

A A / A E 
(FT-IR) 

I 0 28.8 0 

II 1 28.7 0 

I I I 2 28.8 0 

IV 

V 13 28.8 0.64 

VI 17 29.3 1.15 

CONCLUSIONS 

Both emulsion copolymerization of butyl a c r y l a t e / s u l f o n a t e d styrene 
with a water soluble i n i t i a t i o n system, and a n i o n i c a l l y synthesized 
d i b l o c k ionomers based on the ester h y d r o l y s i s of methacrylate 
blocks show novel and quite s i m i l a r c h a r a c t e r i s t i c s . Both systems 
show no e f f e c t of ion content on the Tg of the matrix however 
provide a highly extended rubbery plateau to the r e s u l t i n g 
ionomers· 

Our work on the synthesis of model ionomer systems by anionic 
polymerization i s continuing. The a r c h i t e c t u r a l e f f e c t s of these 
ionomers having c o n t r o l l e d structures are being compared with t h e i r 
random counterparts. 
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7 
Relaxation in Styrene-Methacrylic Acid, Sodium Salt 
Ionomers 

M . H. Litt1 and G. Bazuin2 

1Department of Macromolecular Science, Case Western Reserve University, Cleveland, 
OH 44106 

2Department of Chemistry, McGill University, Montreal, Quebec, Canada H3A 2K6 

The relaxat ion of styrene/Na methacrylate ionomer 
copolymers i s studied in this paper. The present 
approach assumes a Rouse-Bueche d i s t r ibu t ion of 
relaxat ion strengths, with relaxat ion times defined by 
the number of ionic groups i n a given segment (and the 
distance between the ions when a segment has two ionic 
groups). Good fits are obtained by curve fitting for 
all the polymers with ionic contents between 0 and 5.5 
mole %. This is the range where time-temperature 
superposition holds. Parameters are reasonably 
consistent for a l l the runs and are physical ly 
p laus ib le . 

While ionomers of many types have been made and ch a r a c t e r i z e d 
[1,2,3], there i s l i t t l e work on the o v e r a l l r e l a x a t i o n mechanisms. 
For polymers w i t h low i o n i c c o n c e n t r a t i o n s , there i s general 
agreement on the fundamental r e l a x a t i o n step. The s t r e s s r e l a x e s by 
detachment of an i o n p a i r from one c l u s t e r and reattachment to 
another. For the styrene/methacrylic a c i d Na s a l t (ST/-MAA-Na) 
system, there i s a secondary plateau i n the r e l a x a t i o n modulus which 
depends on the i o n i c content and can be described as a rubbery 
modulus [4]. While a rubbery modulus w i t h s t r e s s r e l a x a t i o n due to 
i o n i c interchange has been invoked e a r l i e r , i t does not adequately 
describe the r e l a x a t i o n curves. A d i f f e r e n t approach i s taken 
here. 

We assume that the ba s i c r e l a x a t i o n strengths i n the 
polystyrene r e l a x a t i o n spectrum as described by Ferr y and others 
15], based on a Rouse-Bueche [6] model, are maintained i n the 
ionomer. A normal wedge-box d i s t r i b u t i o n i s assumed. The ions are 
i n m u l t i p l e t s below 6 mole % i o n i c groups [2]. I f a segment 
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contains no ionic groups, i t relaxes exactly as i t would in 
polystyrene. However ionic groups pin the segments. If a single 
ionic group is within a segment, i t retards the relaxation by some 
factor, but the residues can relax around i t . If a segment contains 
two or more ionic groups, i t is pinned and cannot relax until the 
ionic groups relax by their normal exchange process. This is 
usually much slower than segmental relaxation, so the non-ionic 
segmental relaxation can be neglected. By analogy with the 
Rouse-Bueche model, the relaxation rate constants of a segment 
containing η ions is K/n2. Such an assumption is also justified by 
the relaxation behavior of ionomers of various degrees of 
neutralization [7]. The model detailed below was applied to the 
data of Navratil in order to quantify i t [4,8]. 

Nomenclature 

a = Mole fraction
b = Retardation facto

ion 
E Q = Maximum modulus in relaxation spectrum 
Efl = Relaxation modulus of segment with Ν residues 

E N = E 0/N 2, Ν _< 300 
Ef = Plateau (box) relaxation modulus, Ν > 300 
Κ = Rate constant of single ion-pair exchange relative to τ 

1^ = K/n2 = Relaxation rate constant for segment containing η 
ion pairs, Ν _< 300. = 300aK/n3, Ν > 300, η > 300a 

L = Length of "freely rotating segment" 
Ν = Number of residues per segment 

Nf = Number of residues per molecule 
η = Number of ion pairs per segment 
τ = 1 sec = Normalized relaxation time of segment with one 

residue 
τ Ν = τ · Ν 2 = Relaxation time of segment with Ν residues 
Ζ = Average distance between ions in bulk system before coup

ling. 

Theory 

The fundamental equation is given below and i t s various aspects are 
then discussed. It was applied to data on styrene/methacrylic acid 
copolymers, Na salts of Eisenberg and Navratil [4,8], 

Ε = Σ E [ ( l - a ) N exp(-t / T ) + N ( l - a ) N 1 a e x p ( - t / b O 
N=l N 

+ % 7 N = § h ^ U - a > N - n a n e x p < - V > ] (1) 
n=2 ' 

As is normal in such cases, Ν is stepped exponentially. Values 
of Ν taken are log linear. We have used a factor of 1 0 ^ · 2 ^ for most 
of the work. In order to simplify minimization, Ε was described as 
a continuous function. 
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E N = E o/N 2 + E f (2) 

9 5 ς E 0 i s about 10 ' Pa and E f i s about 10 D Pa. Since the degree 
of polymerization was not known f o r N a v r a t i l ' s polymers, there was 
no reason to change the form of τ Ν f o r large segments. The e f f e c t 
of keeping τ Ν = τ / Ν 2 i s simply to add several more terms to the 
summation with a corresponding drop i n E f . 

If we assume a random d i s t r i b u t i o n of i o n i c groups along the 
polymer chain (a doubtful assumption, but no other i s poss i b l e at 
t h i s approximation l e v e l ) , then f o r segments of length N, with an 
i o n i c f r a c t i o n a, the f r a c t i o n s of such segments with no, one, two, 
et c . i o n i c groups i s described by a binomial expansion, Equation 3 . 

[(1-a) + a ] N - ( l - a )

(3) 

Each term i s the weighting f a c t o r m u l t i p l y i n g the corresponding 
r e l a x a t i o n i n Equation 1. Segments without an i o n i c group r e l a x at 
the rate at which a s i m i l a r segment from pure polystyrene r e l a x e s . 
The r e t a r d a t i o n of r e l a x a t i o n of a segment when i t contains one 
i o n i c group i s i n t u i t i v e l y p l a u s i b l e . As one residue i n the segment 
i s pinned, the other residues must r e l a x around i t . Relaxation i s 
more d i f f i c u l t than when a l l segments can p a r t i c i p a t e i n the 
process. 

The l o g i c applied to segments with one ion-pair also holds f o r 
small segments with two i o n - p a i r s . I f the ion-p a i r s are too close 
along the backbone to bind i n t o separate m u l t i p l e t s , they must 
associate i n a s i n g l e m u l t i p l e t . Relaxation should be str o n g l y 
retarded compared to s i m i l a r segments with no i o n - p a i r s , but need 
not depend on ion - p a i r d i s s o c i a t i o n to f a c i l i t a t e r e l a x a t i o n . We 
have assumed a r b i t r a r i l y that the r e t a r d a t i o n f a c t o r f o r a short 
segment containing two ion - p a i r s i s the square of the r e t a r d a t i o n 
f a c t o r of a s i n g l e i o n - p a i r containing segment. The number of 
residues needed i n a segment before i t s ion p a i r s are i n separate 
m u l t i p l e t s w i l l vary with the ion concentration. I t was l e f t as an 
adjustable parameter, the c u t - o f f value. In a homogeneous system 
with Gaussian s t a t i s t i c s along the chain, the segment length at the 
cut - o f f point should be 

NL * 2(60/a) 2^ 3/L = Segment Length (4) 

where L i s the length of a f r e e l y r o t a t i n g segment. This w i l l be 
considered f u r t h e r i n the Discussion s e c t i o n . 

The same l o g i c could be applied to segments containing three or 
more i o n i c groups where two are coupled together. The r e l a x a t i o n 
times should be d i f f e r e n t from those segments where a l l i o n i c groups 
are paired with groups from d i f f e r e n t segments. However, t h i s i s 
too complicated to consider here. 
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When segments have two or more i o n i c groups, and these are 
bound i n separate m u l t i p l e t s , the segments cannot r e l a x except by 
m u l t i p l e t r e l a x a t i o n . We have assumed that the r e l a x a t i o n r a t e per 
segment f o r Ν £ 300 depends i n v e r s e l y on the square of the number of 
ions. In part t h i s i s by analogy with the dependence of · When Ν 
>. 300, the r e l a x a t i o n r a t e has been taken as p r o p o r t i o n a l to n " 3 . 
One report j u s t i f i e s t h i s assumption [ 7 ] . The report shows the 
e f f e c t of changing n e u t r a l i z a t i o n on the longest r e l a x a t i o n time of 
an ethylene/methacrylic a c i d ( 5 .4 mole % acid) copolymer. The data 
are inexact, but show an increase i n τ from 10^ to 10^ sec as the 
n e u t r a l i z a t i o n goes from 5 or 10% to 30%. This i s a 2 .5 to 4 power 
dependence of τ on the ion concentration. Long segments seem to 
r e l a x at about the inverse t h i r d power of the i o n i c concentration. 
This could be considered the equivalent of the longest τ f o r a 
normal polymer which depends on (Mw)3'^. Again, since molecular 
weights were not determined f o r the data considered here  the choice 
of an exponent f o r η i
> 300 to save time i n
compensated by a l a r g e r value of Nf and v i c e versa. [Even at very 
low i o n i c constant, a l l large segments contain many ions and the 
pure polymer rubbery r e l a x a t i o n vanishes. We need only consider 
i o n i c r e l a x a t i o n . ] 

A p p l i c a t i o n to Data 

The r e l a x a t i o n data studied were confined to a < 6%, where 
time-temperature superposition was v a l i d [ 2 , 4 , 8 ] . In the present 
approach, the time s h i f t e d data were used, as l e s s parameters are 
needed. The important parameters that must be f i t t e d are E Q , Ef, b 
and K. Other parameters must be determined i n order to f i t the 
theory to the data, but they are not i n t r i n s i c to the system. They 
are : 

1. The time s h i f t value: This moves the curve along the log time 
a x i s , which i s equivalent to f i n d i n g a value f o r τ. (When a 
time s h i f t i s used and τ i s kept as 1, Κ becomes the r a t i o of 
the i o n i c to segmental r e l a x a t i o n r a t e constants.) 

2 . The number of terms used i n the summation: This determines Ν 
and i s f i x e d by the "time" at which viscous flow s t a r t s . 
While the t a i l of the r e l a x a t i o n curve i s adjusted by t h i s 
parameter, i t i s a cosmetic f i t since we do not know the 
molecular weight, and the r e a l polymer i s polydisperse. 

The c e n t r a l region of the curve, comprising the drop to the 
i o n i c plateau, the plateau modulus, and i t s drop-off towards the 
rubbery plateau, i s determined by the form of Equation 1, K, E Q , Ef 
and b. 

The data points and the minimized curves based on Equation 1 
f o r the s i x styrene/MAA-Na copolymers with i o n i c mole f r a c t i o n s 
ranging from .006 to 0,055 are given i n Figures l a and l b . A 
polystyrene r e l a x a t i o n curve i s also shown. The values of the 
parameters used are l i s t e d i n Table 1, together with the Tg's of the 
copolymers and the standard error of the f i t . 

In Coulombic Interactions in Macromolecular Systems; Eisenberg, A., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



7. LITT AND BAZUIN Styrene-Methacrylic Acid, Sodium Salt Ionomers 97 

10 

X> 
ο 
s 
00 ο I—J 

_l 1 1 1— 
6 10 
Log Time, Sec 

14 18 

Figure l a . Comparison of Equation 1 (-) using values i n Table 1 
with experimental points from the r e l a x a t i o n of NAV 000 (X), NAV 
019 (0), NAV 038 (Υ), and NAV 055 (D). 
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Figure l b . Comparison of Equation 1 (-) using values i n Table 1 
with experimental points f o r the r e l a x a t i o n of NAV 006 (X), NAV 
025 (0) and NAV 046 (Y). 
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D i s c u s s i o n 
I t i s obvious from Figure 1 and Table 1 that Equation 1 f i t s the 
data reasonably w e l l . The standard e r r o r i s about .08 or +_ 20% f o r 
any value of the r e l a x a t i o n modulus. Since the modulus covers over 
four decades, t h i s i s reasonable. The values f o r Ε 0 and E f remain 
almost constant f o r a l l the polymers. In t h i s approach, log ( A t ) 
should be constant i f the data were normalized to a given 
temperature. However, the data were normalized to log(time) equals 
0 at T g. Thus there i s a gradual s h i f t of log ( A t ) as i o n i c content 
i n c r e a s e s , to compensate f o r the s h i f t of the reference 
temperature. However, the maximum s h i f t i n log(A t ) i s about 1 
(between NAV 006 and NAV 038), while the s h i f t of lo g a T (compared 
at a constant reference temperature) i s about 2.48. I t may be 
po s s i b l e that segmental r e l a x a t i o n i s hindered by the presence of 
i o n i c groups i n neighboring segments, thus r a i s i n g the temperature 
f o r the approach to Tg
major cause of the r i s
r e l a x a t i o n r a t e as a f u n c t i o n of ion concentration can be seen i n 
the S i n g l e Ion Reta r d a t i o n F a c t o r . This i s 1.0 f o r NAV 006 and 
r i s e s to 140 f o r NAV 055. The f a c t that the non-ion bearing 
segmental r e l a x a t i o n rates are independent of i o n i c c o ncentration i n 
the present approach produces some of the discrepancy between theory 
and experiment. The t h e o r e t i c a l curves f o r NAV 046 and NAV 055 show 
a r a p i d r e l a x a t i o n at the s t a r t of the drop i n log modulus which i s 
not r e f l e c t e d i n the experimental data. The experimental curve 
shows a smooth drop w i t h the slope v a r y i n g i n v e r s e l y w i t h the i o n i c 
content. 

The p o s i t i o n of the f i r s t p l a t e a u , at l o g time 6 depends 
s e n s i t i v e l y on the c u t - o f f chosen. This i s one f a c t o r which a f f e c t s 
the f i t between theory and experiment very much. However, the 
r e s o l u t i o n i s too coarse; the f a c t o r by which the segment's length 
changes, 1 0 0 · 2 5 (=1.78), i s such that some of the curves cannot be 
f i t e x a c t l y . However, doubling the r e s o l u t i o n would increase 
computation time enormously. 

One can make a rough estimate of the average segment length 
between ions at which cross-over between in t e r m o l e c u l a r and 
intram o l e c u l a r coupling occurs. Consider the f o l l o w i n g "thought 
experiment". The polymer w i t h ions on i t i s placed i n an 
e q u i l i b r i u m conformation, without a l l o w i n g the ions to couple. The 
ions are then d i s t r i b u t e d randomly i n space. When they are allowed 
to couple, they couple w i t h t h e i r nearest neighbor. I f the random 
walk distance of ions along the chain i s l e s s than the average 
i n t e r i o n i c d i s t a n c e , i n t r a m o l e c u l a r coupling w i l l occur. Otherwise, 
i n t e r m o l e c u l a r coupling w i l l occur. In terms of a, the mole 
f r a c t i o n of ions i n polystyrene, c o n s i d e r i n g the residue m o l a r i t y i n 
bulk polystyrene to be 10M, there are .01a moles of ions per cubic 
centimeter. Thus the average distance between ions i n nm i s : 

Ζ = ( . 1 6 7 / a ) 1 / 3 (5) 

I f we take L = .7 nm ( 9 ) , then Ν can be c a l c u l a t e d , since NL = 
0.2 nm/a. Thus Ν Lh can be found e a s i l y . The change from 
in t r a m o l e c u l a r coupling to int e r m o l e c u l a r coupling occurs when the 
segment i s >_ 2Z, since on the average two i o n i c groups i n a segment 
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w i l l be a half segment length apart. Thus, the change-over 
condition is given in (6), 

with the segment length i n I equal to 2NL. One squares ( 6 ) and 
solves for NL to obtain (4). Thus we find: No. of residues at 
cut-off = 2NL/2.5 (7). The data are given in Table 2 and compared 
with the cut-off values found from the minimization. The cut-off 
values are arbitrary within the range defined by the successive 
values of Ν chosen. These are listed in the last column of Table 2. 
One can see that up to a = 0.038, the f i t is very good. The plateau 
modulus rises faster than this approach predicts for the higher a 
values, thus leading to lower cut-off values. This may be due to 
the beginning of cluster formation, which dominates the relaxations 
above a = 0.06, 

The assumptions mad
that the material behaves like pure polystyrene during the molding 
and that a l l chains are in equilibrium positions. Then a l l ions 
interact with those nearest to them to generate the multiplets. 
This approach is a zero order approximation. Ionic association is 
certainly history dependent. Only ion pair dimers are considered, 
not higher multiplets. However, NL agrees with the cut-off values 
at the lower ion concentrations, which strengthens the overall 
hypothesis. 

The number of terms are reasonable. A value of 16 corresponds 
to 10^ mers per chain of Hw 10 6. Navratil measured the number 
average molecular weights of two of the samples discussed here (8) 
and found Hn(NAV 019) - 470,000 and Rn(NAV 038) - 400,000. Thus, the 
value of Nf found is in good agreement with the experimental. 
Sample NAV 055 is listed as a low molecular weight polymer (8) and 
we find that only 12 terms are necessary in the summation. Thus, Mw 
% 100,000 for NAV 055 based on the curve f i t t i n g . A l l the other 
polymers were "high molecular weight" according to Navratil. This 
agreement implies that the assumption K nal/n3 for large segments is. 
reasonable. An exponent of 3.5 or 4 might also work. 

Table 2. Comparison of T h e o r e t i c a l and "Experimental" Cut-Off Values 

Ν ( 6 ) 

No. of Residues i n Segment at Cut-Off 

.006 

.019 

.025 

.038 

.046 

.055 

a Theory "Experiment" 
104 75 
48 75 
40 30 
30 30 
27 12 
24 7 

Cut-Off Range 
46-81 

26-46 

8-14 
4.6—8 
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The standard error i s measurable. While the modulus/time p l o t s 
are smooth f o r a given temperature, we are j o i n i n g many such curves 
together to get the master curve. N a v r a t i l has shown (8, p. A2) 
that when the modulus i s not changing r a p i d l y , r e p r o d u c i b i l i t y of a 
given segment of the master curve i s e x c e l l e n t (>. 10%). However, the 
curves diverge the most at very short and very long times which i s 
what i s used when they are f i t t e d to make the master curve. Thus a 
standard error i n log modulus of .08 (+_ 20%) i s quite good. 

The values of log Κ vary randomly i n the range of -6.8 +. 1.3 
fo r the d i f f e r e n t samples. Two values are probably i n c o r r e c t , those 
fo r NAV 019 and NAV 046, a consequence of curve f i t t i n g f o r the 
lowest standard e r r o r . This can be seen e a s i l y i n ins p e c t i n g 
Figures l a and l b . The r e s t c l u s t e r around log Κ = -6.0 WU+. .45. 
Any trend due to increasing i o n i c content (which might lower K) or 
inc r e a s i n g normalization temperature with i n c r e a s i n g i o n i c content 
(which would tend to r a i s

Log (Δ t) - log Κ
and i s 4.56 f o r the f o u r t h . There i s p o s s i b l y a constant 
displacement between the two terms, implying that the i o n i c 
d i s s o c i a t i o n r a t e constant i s about 10^ smaller than 1/τ· 

The sources of the discrepancies between the experimental data 
and the t h e o r e t i c a l curves need some d i s c u s s i o n . F i r s t , the model 
assumes a monodisperse polymer. This a f f e c t s the curve shape a f t e r 
the upper i o n i c plateau. Second, the model assumes that a l l ions 
(except f o r a few very close together) are coupled i n t o m u l t i p l e t s 
with ions from other chains. There are few loops. The an a l y s i s of 
Equation 4 suggests that perhaps most of the ions are coupled to 
adjacent ions i n the same chain. This would change the nature of 
the r e l a x a t i o n s considerably and a f f e c t the modulus at the i o n i c 
plateau. Such a model could lead to semi-permanent entanglements, 
kep i n place by the i o n i c m u l t i p l e t s . The r e t a r d a t i o n of a l l 
re l a x a t i o n s of small segments at higher i o n i c content, even that 
f r a c t i o n which occurs i n io n - f r e e segments i s not considered i n t h i s 
model. 

Conclusions 

A model f o r r e l a x a t i o n s i n ion containing polymers was presented 
here. It f i t s the experimental data f o r St/MAA-Na copolymers 
reasonably w e l l . The parameters which are obtained from the f i t are 
reasonable, though there i s uncertainty i n the exact values. One 
fur t h e r r e s u l t of t h i s a n a l y s i s i s the r e a l i z a t i o n that a l l 
re l a x a t i o n s are retarded even i n the high modulus p o r t i o n of the 
r e l a x a t i o n curve. This suggests that an an a l y s i s of coupled chain 
o s c i l l a t i o n s f o r t h i s system might be i n order. 
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A new model for th
mers is presented
influence of electrostatic interactions, the multiplets 
of charges coalesce in clusters that have an internal 
structure compatible with the steric hindrances due to 
the polymeric material. The size of the cluster is shown 
to be independent of the concentration of charges. The 
tension of the chains within the matrix is discussed, and 
it is suggested that the clusters are arranged in small 
hypercrystallites with a local order of the diamond type. 
The free energy of a "vesicle" containing the water mole
cules and the mobile cations is calculated. The cations 
are shown to build a layer of charges; at equilibrium 
the fixed anions coat the vesicle as densely as they can. 
Thus the ideal solution formula for the chemical potential 
of water is not valid. A few consequences are discussed. 

Ionomers are copolymers containing a molar concentration c of charged 
n e u t r a l i z a b l e groups (c < 0.1). Their properties are dominated by the 
i n t e r p l a y between the charges and the chains. We exclude here the 
case of Nafions, where the charges are not close to the polymeric 
chains. 

In the l a s t f i f t e e n years many experimental studies and several 
models have been devoted to these m a t e r i a l s . Several reviews of t h i s 
subject have been published (1-4). I t i s generally recognized that 
the charges condense in t o regions c a l l e d c l u s t e r s with a radius 
i n the range 10 to 30 A, containing t y p i c a l l y 50 to 100 basic p a i r s 
of charges. The existence of a un i v e r s a l "ionomer peak" i n s c a t t e r i n g 
experiments has led to the idea that the c l u s t e r s are separated from 
each other by distancesD of the order of 20 to 80 A. 

The o b j e c t i v e of t h i s paper i s to present a simple mathematical 
model f o r c l u s t e r i n g i n dry m a t e r i a l s . We r e f e r to a more d e t a i l e d 
v e r s i o n of the c a l c u l a t i o n ( 5 ) . The strongly hydrated s t a t e , when the 
water molecules and the mobile cations form kinds of v e s i c l e s (or 
inverted m i c e l l e s ) w i l l be examined l a t e r i n t h i s paper. As in any 
model, our mathematical model i s rather i d e a l i n the sense that i t 
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ignores many of the p e c u l i a r i t i e s of the polymers and of the ions. As 
i t w i l l lead to e a s i l y t r a c t a b l e r e s u l t s , t h i s model may be a guide
l i n e f o r the e x p e r i m e n t a l i s t s . 

In an e a r l y work, Eisenberg (6) showed that the condensation of 
charges i s a two-step process. The b a s i c i o n i c p a i r (one anion plus 
one cation) i s c l o s e l y associated with a few other p a i r s to form a 
m u l t i p l e t . The e l e c t r o s t a t i c energy responsible f o r the formation of 
the m u l t i p l e t i s of the order of e 2/d (e = e l e c t r o n i c charge, d the 
distance between the centers of the anion and of the c a t i o n ) . We c a l l 
t h i s energy the primary e l e c t r o s t a t i c energy; i t i s i n the range of 
100 k c a l and i t c r o s s - l i n k s strongly d i f f e r e n t chains. The s i z e of 
the m u l t i p l e t i s l i m i t e d by s t e r i c hindrances; i f k i s the " f u n c t i o 
n a l i t y " (number of c r o s s - l i n k e d chains), 2 k segments have to leave 
the m u l t i p l e t . These "coated" m u l t i p l e t s s t i l l i n t e r a c t through the 
f i e l d s of t h e i r e l e c t r i c a l m u l t i p l e t s (k = 2 i s a quadrupole, e t c . ) . 
We c a l l t h i s i n t e r a c t i o
i s s t i l l important: f o r
r, t h i s i n t e r a c t i o n i s o
d = 3 A, r = 8 Â and kgT = 0.6 k c a l , one gets 1.38 kfiT i n vacuum; 
8 A i s the average distance between quadruplets i n a sample with 
c = 0.05 and ν = volume of onemonomer =50 A 3. The a t t r a c t i v e i n t e r 
actions cause a coalescence of the m u l t i p l e t s which i s l i m i t e d only 
by the hard-core r e p u l s i o n between the monomers. In other terms, the 
density cannot exceed that of the n e u t r a l m a t e r i a l . I t w i l l be shown 
that t h i s b a s i c f a c t leads to a c l u s t e r with a wel l - d e f i n e d density 
of charges. I t i s only at the surface of the c l u s t e r that the tension 
of the chains, through t h e i r entropy, plays an important r o l e and 
l i m i t s the s i z e of the c l u s t e r . 

The dry c l u s t e r s 

Structure of the C l u s t e r . D e f i n i t i o n of v a r i a b l e s i s important ; i n 
the f o l l o w i n g discussions we use the f o l l o w i n g notations : c, molar 
concentration of the c l u s t e r ; p, distance from i t s center; ν, σ, £, 
volume, c r o s s - s e c t i o n , and length of one monomer. These values are 
obtained from c r y s t a l l o g r a p h i c data. The chains are treated as i d e a l 
free j o i n t e d rods of monomers. For numerical a p p l i c a t i o n s , we gene
r a l l y use the case of polyethylene: ν = 50 A 3 , σ = 20 Â 2, £ = 2,5 Â. 
(1 + α)ν w i l l be taken as the volume of one n e u t r a l i z e d charged 
ionomer. In many a p p l i c a t i o n s we s h a l l take, f o r s i m p l i c i t y , α = 0 
fo r the dry s t a t e . If the cations are solvated by V water molecules 
fo r each of volume v Q (30 A 3 ) , a simple a d d i t i v i t y r u l e f o r the 
volumes give αν = w Q. 

The procedure by which we b u i l d the c l u s t e r i s as f o l l o w s : we 
c a l l n(p) the number of b a s i c p a i r s already i n s i d e a sphere of radius 
p. Because of the presence of these p a i r s a c e r t a i n number s(p) of 
segments have to leave the sphere. 

The space i n the s h e l l btween ρ and ρ + dp i s a t t r i b u t e d to 
these segments p l u s , to f i l l i t , a c e r t a i n number of "new" charges 
dn(p). The basic assumption i s that the n e u t r a l segments are expel
led from t h i s deep i o n i c region as d i r e c t l y as p o s s i b l e ; we assume 
they go out r a d i a l l y . A t t e n t i o n i s paid to the f a c t that a small 
proportion (c) of these segments carry charges (Figure 1). We are 
led to a p a i r of d i f f e r e n t i a l equations i n n(p) and s(p). The d e t a i l 
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of the c a l c u l a t i o n i s given i n Ref. 5. We s h a l l give here only a 
simple p h y s i c a l argument, approximate, but s u f f i c i e n t f o r what f o l 
lows. The maximum dense packing of charges i s r e a l i z e d when the t o t a l 
c r o s s - s e c t i o n of the segments i s s u i n g from the sphere of radius p , 
i s equal to the surface o f f e r e d . 

4 π ρ 2 = 2 o n(p) (1) 

The complete c a l c u l a t i o n (5) gives an exact formula 

, n x _ 2-nii Γ 2c 3 2 1-c n 0 ( U a ) (1 - c ) 
n ( p ) - k v T H a c ) L 3 l p + p ΰ α Έ " ρ £ ( i + a c ) » 

+ £ (1+a)*(1-c) ( 1 . e x p . 2p U a C ) ] ( 2 ) 

(1+ac) 3 

from which the volume densit

can be obtained. I f we take i n t o account that c i s a small number and 
1 + otc i s clo s e to 1 , one has : 

vg(p) = c + A - £ l (1-KX)(1 - exp - ^— ) (4) 
p 2p 2 £(1+a) 

This f u n c t i o n i s p l o t t e d i n Figure 2 , f o r α = 0 , and α = 2 . The 
dashed l i n e represents the approximation obtained from Equation 1 : 

vg(p) = I (5) 

This approximation i s s u f f i c i e n t i n the u s e f u l range of p. The 
f a c t that i t i s poor i n the very center of the c l u s t e r i s unimportant 
because i t i s weighted by the geometrical f a c t o r 4 η ρ 2 . In the case 
of a solvated sample (a * 0) the next s i g n i f i c a n t approximation 
would be : 

Vg ( p ) = A - 1 L (1 + a) (6) 
1 2p 2 

The conclusion of t h i s s e c t i o n i s that the dense packing of the 
m a t e r i a l , combined with the a t t r a c t i o n of the m u l t i p l e t s , leads to a 
s t r u c t u r e of the c l u s t e r described by a law i n p " 1 ( i t must be noted 
that t h i s law i s indépendant of k ) . 

The Radius p c of the C l u s t e r s . We s t i l l have to look f o r what l i m i t s 
the s i z e of the c l u s t e r . U n t i l now we have neglected the r o l e of the 
matrix i n which the c l u s t e r i s embedded. When a segment of V monomers 
i s f r e e , i t s n a t u r a l end-to-end length i s 

R2 = V £ 2 (7) 
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Figure 1. A two-dimensional view of a c l u s t e r . Cross-hatched 
c i r c l e s are m u l t i p l e t s i n s i d e a c i r c l e of radius p . Four seg
ments are shown going out from each m u l t i p l e t , and are represen
ted by continuous l i n e s . Open c i r c l e s are the new m u l t i p l e t s i n 
the s h e l l between ρ , ρ + dp. The "new" segments are represented 
by broken l i n e s . At point A a "new" m u l t i p l e t i s located on a 
segment i s s u i n g from a more i n t e r n a l m u l t i p l e t . (Reproduced 
from Ref. 5. Copyright 1985 American Chemical Society.) 

T - I 
p / l 

Figure 2. Density vg (p) as a func t i o n of p / £ , for 
c - 5 10~2, a= 0 and α = 2. The dashed l i n e represents the appro
ximation vg = Note that s o l v a t i o n a f f e c t s mainly the c l u s 
t e r ' s core. K (Reproduced from Ref. 5. Copyright 1985 American 
Chemical Society.) 
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If one imposes a distance R between the two ends of the segment, 
fo r a v a r i a t i o n A(R 2 ), i t s entropy v a r i e s l i k e : 

A s = - 4 k A i S L L (8) 
2 R2 

A(R 2) i s expected to be of the order of R 2; fo r example i f the f i n a l 
end-to-end distance i s R/2 (the m u l t i p l e t relaxes toward the middle 
of two c l u s t e r s ^ then A(R 2) = 3/4 R2 . For R2 i t s e l f of the order of 
a few uni t s of R2 , one sees that the absoption of one m u l t i p l e t 
from the matrix to the surface of a c l u s t e r , corresponds to an entro
py v a r i a t i o n of the order of - kg. We determine the radius p c of the 
c l u s t e r by saying that the v a r i a t i o n of the free energy for the 
surface m u l t i p l e t s i s zero at e q u i l i b r i u m . The v a r i a t i o n of the 
e l e c t r o s t a t i c energy i s given by i t s value at the surface, since 
i n the matrix the m u l t i p l e t  f a  fro h other

An order of magnitud
face m u l t i p l e t s i s obtaine  (_7

W- ^ _ ( i ) 2 k + 1 (9) 
e'd u 

where ε 1 i s the d i e l e c t r i c constant of the m a t r i x ( u s u a l l y on the order 
of 2) and u the distance between two k - p l e t s , which can be obtained 
from t h e i r density by Equation 5. 

Making W and kgT equal, the expression for the radius becomes: 

££ = ( 

e'd 
2k+1 df_ 

kv (10) 

where d i s the length of the elementary d i p o l e . 
Of course, the approximations on S and W (Eq. 8 and 9) are 

rather crude; however, because W i s a r a p i d l y varying f u n c t i o n of u, 
a more exact approximation could not a f f e c t p c too strongly. 

For polyethylene, and f o r d : 3 A and 4.5 A, the radius P c and 
number of charge are c a l c u l a t e d f o r several values of k (see Table I ) . 

Table I. Calculated Radius and Number of Charge f o r Polyethylene. 

d 
ο 

= 3 A d = 4.5 A 

k 1 2 4 1 2 4 

P c (A) 125 11 1,5 282 28 4,5 

n c 4960 33 0,75 25100 231 6,5 
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It i s c l e a r from t h i s table that k=2 gives r e a l i s t i c values f o r 
P c and n c . As a l l the previous calculations are without any ajus
table parameter, these c a l c u l a t i o n s provide an argument i n favor of 
quadruplets, i . e , a d i m e r i z a t i o n of the charged u n i t s . The s c a l i n g 
law should be noted: 

P c a, d2'k σ- 1 h c * d 4' 8 σ~ 3 (11) 

These r e l a t i o n s h i p s show the importance of d. When the elemen
tary ions are large (weak s a l t s ) the s i z e (p c) and capacity (n c) of 
the c l u s t e r s become large. The radius p c can be expressed as a func
t i o n of a l i m i t i n g concentration c 0 at the surface of the c l u s t e r : 

p c = £/c 0 n c - ^ l - (12) 

In p r a c t i c e c Q can be considered an ajustable parameter. It 
increases f o r weak e l e c t r o s t a t i c i n t e r a c t i o n s . 

The Matrix. The condensation of quadruplets i n c l u s t e r s implies 
displacement of the charges and tension i n the matrix that we s h a l l 
t r y to estimate. We have f i r s t to define the s p a t i a l arrangment of 
the c l u s t e r s . I f we think that the c l u s t e r s make a c r y s t a l , we must 
look f o r a s t r u c t u r e , which f o r a given density of l a t t i c e points 
gives the shortest distance D between f i r s t neighbors i n order to 
minimize the tension. This minimization i s r e a l i z e d by the diamond 
str u c t u r e (Z : number of 1 s t neighbors = 4). 

Assuming that a l l the charges condense i n c l u s t e r s , the conser
v a t i o n of t h e i r number leads to a r e l a t i o n between n c and D: 

n P = ( 8 / 3 / 3 ) S - ^ - = 1.54 c D 3/v (13) t- ν 

D = 1.60 (pH)V 3 c-x/3 (14) 

I f we i d e n t i f y D with the i n t e r c l u s t e r distance deduced from 
the ionomer peak, t h i s c _ 1/3 law has been observed i n butadiene-
met hacry l i e ionomers (8) and pentanemer sulfonate (9). Conversely, 
a law of t h i s type cannot be explained i n the absence of c l u s t e r s of 
capacity indépendant of c, such the one described i n t h i s model. 
When cations are s u b s t i t u t e d , r e s u l t i n g i n a change of d, D should 
change, at constant c, as: D ^ d 1* 6 (15) 

Observations i n n e u t r a l i z a t i o n experiments (9-11) are i n agree
ment at l e a s t q u a l i t a t i v e l y , with Equation 15. The biggest cations 
give the l a r g e s t D ( i f one accepts that the proton of the a c i d i c 
form i s the smallest c a t i o n ) . 

Once a value i s determined f o r D, one may estimate the state 
of tension of the segments i n the matrix. The average number of 
monomers i n these segments i s 1 /c , and the corresponding free 
end-to-end length i s 
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R = c - 1 / 2 II (16) 

With a l l the above formulas we can c a l c u l a t e the r a t i o D/R, 
which gives an idea of the tension of the segments connecting two 
c l u s t e r s . We also c a l c u l a t e the r a t i o (D - 2p c)/R, which i s v a l i d 
f o r the shortest distance between two c l u s t e r s as, as we s h a l l see, 
2 p c i s not n e g l i g i b l e compared to D. In Figure 3, the r e s u l t s are 
pl o t t e d as a fun c t i o n of c, f o r two values of c 0 (0.1 and 0.3). 

D/R increases slowly with cVô . (D - 2p c ) /R i s rather f l a t . The 
decrease at large c r e f l e c t s that f o r a concentration c = 0.51 c Q , 
the s p h e r i c a l c l u s t e r s a c t u a l l y contact. In that region we expect 
that the c l u s t e r s w i l l fuse together and make a three-dimensional 
l a t t i c e of channels through the sample. Figure 3 shows that the 
segments are extended i n a moderate way; the average tension may be 
considered as staying between the two curves. 

There are several way
nal degrees of freedom t
implies that a f r a c t i o  segment  adjacen
c l u s t e r s , but come back to the o r i g i n a t i n g c l u s t e r . From the assump
t i o n that, before c l u s t e r i n g , the chains make a three-dimensional 
unstrained network, and that each quadruplet w i l l coalesce on the 
nearest c l u s t e r formed, one can obtain an expression f o r the proba
b i l i t y Ρ that a segment w i l l be non-connecting (or w i l l close back 
on the o r i g i n a t i n g c l u s t e r ) . An exact c a l c u l a t i o n i s given i n the 
appendix of reference (5) ; a good approximation i s given by: 

P = 1 - ± ^ L _ u = 3 6 l ( 1 7 ) 

uVz p £ 2 

where δ i s the radius of the sphere occupied by one c l u s t e r ; ρ i s 
the number of ne u t r a l monomers between 2 consecutive charges. Nume
r i c a l l y , f o r c Q =0.1 and c = 10~2 or 10~ 3, one gets Ρ = 0.74 or 0.6. 
More than one h a l f of the segments close back on the o r i g i n a t i n g 
c l u s t e r . This f r a c t i o n increases with c, and decreases with c 0 . The 
shortest segments (small ρ ) have a greater p r o b a b i l i t y of re t u r n i n g . 

These r e s u l t s show that when D can be v a r i e d e i t h e r by s u b s t i 
t u t i o n of cations or by hydration, the rearrangment of the order i s 
a d e l i c a t e process i n which not only the tension of the segments i s 
modified but also the proportion of connecting segments. 

S c a t t e r i n g and Solv a t i o n . In X-ray or neutron d i f f r a c t i o n e x p e r i 
ments the scattered i n t e n s i t y along the wave vector Q(Q = AO. s i n È.) 
i s given by: A 2 

I(Q) = Κ F(Q) 2S(Q) (18) 

F(Q) i s the stru c t u r e f a c t o r of an i n d i v i d u a l c l u s t e r , S(Q) 
an i n t e r f e r e n c e term. I f the s c a t t e r i n g i s mainly due to the ca t i o n s , 
e i t h e r because of t h e i r atomic number or because of t h e i r s o l v a t i o n 
s h e l l s , F(Q) can be c a l c u l a t e d from t h e i r density (Equation 5 ): 
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Figure 3. P l o t s of D/R ( s t r a i g h t l i n e s ) and (D - 2p c)/R (curves) 
as a fu n c t i o n of c. F u l l l i n e s co =0.1; dashed l i n e s co = 0.3. 
(Reproduced from Ref. 5. Copyright 1985 American Chemical 
Society.) 
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F(Q) <υ n c ( S Î ^ ^ / 2 ) 2 χ = Qpc (19) x/2 
For a constant density sphere, a d i f f e r e n t f u n c t i o n r e s u l t s : 

F(Q) <υ n c 3 s i n x ' x cos χ 
χ 3 

To c a l c u l a t e S(Q), a model must be used f o r the s p a t i a l order 
of the c l u s t e r s . Usually one assumes a random gas of c l u s t e r s with 
a hard core p o t e n t i a l of radius D. This method allows a reasonable 
a n a l y s i s of the ionomers peak (11). We propose a d i f f e r e n t approach 
based upon the existence of a l o c a l order of the c l u s t e r s . Although 
the distance D i s so large that no e l e c t r i c a l p o t e n t i a l can have 
a s i g n i f i c a n t influence on t h e i r p o s i t i o n s , the c l u s t e r s are li n k e d 
by many segments that cannot be extended e a s i l y to accomodate large 
changes i n D. Even the
e l a s t i c b a l l which coat
i n t e r a c t i o n " which tends to hold the c l u s t e r on a regular l a t t i c e 
( h y p e r c r y s t a l ) . We have already suggested a diamond type l a t t i c e f o r 
the c l u s t e r s . 

Of course the range of t h i s order cannot be very long, and we 
propose h y p e r c r y s t a l l i t e s of s i z e Δ (Δ > D) of c l u s t e r s . Thus as 
F 2(QD) decreases r a p i d l y , a poss i b l e explanation i s of f e r e d f o r both 
an "ionomer peak" (with p o s s i b l y some weak s a t e l l i t e a t Q l a r g e r Q) 
and a c e n t r a l peak of width Δ"*1. Δ ( i n the range of 100 A or more) 
could be due to the sample preparation or to the f i n i t e length of 
the polymeric chains, as /S Jl is the only parameter of the problem 
i n t h i s range f o r Ν ̂  several thousands. 

It i s appropriate to end t h i s s e c t i o n with a d i s c u s s i o n of 
s o l v a t i o n . There are experimental i n d i c a t i o n s that D tends to 
increase. The present model can help to d i s t i n g u i s h several p o s s i b l e 
e f f e c t s . 

1 - The macroscopic expansion of the sample by a f a c t o r 
(1 + ac) i f n c i s held constant. This i s a weak term; f o r polyethy
lene and V = 4 water molecules per c a t i o n , t h i s leaves an increase 
i n D of 3.8%. 

2 - The " i n e r t " increase of volume of the charged monomers by 
a f a c t o r 1 + α (3.4 f o r V = 4). As shown i n Figure 2, t h i s gives 
a strong decrease i n the density of the charges, mainly i n the core 
of the c l u s t e r . For the same e l e c t r o s t a t i c i n t e r a c t i o n (Equation 9) 
t h i s gives a decreases i n n c of 48% f o r V = 4 and a decrease i n D 
of about 13%. 

3 - The most important e f f e c t probably l i e s i n the weakening 
of the bond between anions and cat i o n s . We lack an expression f o r 
d(v); as n c ^ d 4 , 8 (Equation 11) i t i s probably the dominant one. 
If we does not take i n t o account the preceding e f f e c t s , an increase 
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i n d only 15% would a double n c and increase D by 26%. I f we come 
back to the s c a l i n g laws 

i t fo l lows that p c increases more r a p i d l y than D. 

In the d i s c u s s i o n of the matr ix we noted that the dry c l u s t e r s 
have p h y s i c a l contact when c i s l a r g e . By s o l v a t i o n we expect that 
t h i s w i l l happen f o r a smal ler va lue of c . One sees here the s trong 
tendency of the c l u s t e r s , favored by s o l v a t i o n , to c o l l a p s e i n t o a 
network of channels . S i m i l a r s t r u c t u r e s have been a lready proposed 
(13) ; they are of fundamental importance, for p r a c t i c a l use , i n 
e x p l a i n i n g the s t r i k i n g t ranspor t p r o p e r t i e s of ionomers. 

Strong h y d r a t i o n 

In t h i s part of the pape
of hydrated ionomers. By s t r o n g l y hydrated we mean that we are 
beyond the s tate of s o l v a t i o n s h e l l s , where V , the number of water 
molecules per c a t i o n , i s a smal l number 4 to 6 ) . In a s t r o n g l y 
hydrated sample, the water molecules are cons idered to be f r e e , 
and make a concentrated s o l u t i o n wi th the ca t ions (the counter ions) 
and eventua l ly w i th some mobile anions (the c o i o n s ) . Th i s subject 
has a lready been e x t e n s i v e l y s tudied because of i t s p r a c t i c a l impor
tance ( 1 -4 ) . From the f o l l o w i n g d i s c u s s i o n , we s h a l l see that some 
of the usual c l a s s i c a l laws are no longer v a l i d . For i n s t a n c e , the 
v a r i a t i o n of the chemical p o t e n t i a l of water wi th the concentra t ion 
of cat ions may no longer h o l d . 

E l e c t r o s t a t i c and E n t r o p i e Terms. Jus t as charges coalesce i n t o 
c l u s t e r s i n the dry s t a t e , upon h y d r a t i o n , the charges and water 
molecules are gathered i n t o v e s i c l e s , which we assume to be spher i ca l 
(radius R ) . Experiments show that the l o c a t i o n of the ionomer peak 
v a r i e s cont inuous ly wi th the water content (v) Thus we assume that 
the sample i s i n thermodynamical e q u i l i b r i u m , and we have to look 
f o r i t s free energy. 

We c a l l Ν the number of f i x e d anions coat ing the v e s i c l e . Here 
we cons ider only the case of e l e c t r i c a l l y n e u t r a l v e s i c l e s , wi th no 
c o i o n s , so that Ν i s a l so the number of mobile ca t ions i n s i d e the 
v e s i c l e . We introduce a reduced radius χ = p /R , where p i s the 
d i s t a n c e from the center . Γ ( χ ) i s the d i s t r i b u t i o n f u n c t i o n of the 
c a t i o n s ; Γ ( χ ) dx i s the p r o b a b i l i t y of f i n d i n g a c a t i o n between χ 
and χ + dx. The volume d e n s i t y p r o b a b i l i t y γ ( χ ) i s r e l a t e d to Γ ( χ ) 
by 

Γ ( χ ) = 4 Π χ 2 γ ( χ ) (21) 

The shape of Γ ( χ ) w i l l be determined by min imiz ing the free 
energy G , which i s a f u n c t i o n of Γ ( χ ) . In order to c a l c u l a t e G we 
need an express ion f o r the e l e c t r o s t a t i c energy and f o r the entropy 
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of the system. The complete d e t a i l s of the c a l c u l a t i o n of the e l e c 
t r o s t a t i c energy w i l l be given i n a forthcoming paper (14). 

Water and matrix are characterized by t h e i r r e s p ective d i e l e c 
t r i c constants, ε and ε 1 . T y p i c a l value are ε ̂  80, ε 1 ^ 2 , so that 
ε' << ε. We f i r s t write the s e l f energy of one c a t i o n i n the v e s i c l e 
It expresses the r e p u l s i o n by the e l e c t r i c a l image due to the sphe
r i c a l boundary. As i s w e l l known (15), there i s no exact a n a l y t i c a l 
expression f o r i t i n the s p h e r i c a l geometry, but i f we neglect 
terms i n 1/ε 2 i t can be w r i t t e n as 

W(x) = — ! — ( — ï î _ + Ln - J — ) (22) 
2Rε 1-x2 1-x2 

I t i s not d i f f i c u l t to c a l c u l a t e the i n t e r a c t i o n energies 
between a l l the d i s t r i b u t i o n of charges (anions and c a t i o n s ) ; these 
c a l c u l a t i o n s lead to a  expressio  f o  th  e l e c t r o s t a t i  G
per charge. 

G e = - S i . ( -1 + Z 1 dx Γ(χ) + (N-1) Ιλάχ ) (23) 
2Re 0 0 x 2 

Π(χ) i s the i n t e g r a l of Γ(χ) 11(0) = 0 Π(1) = 1 

Π(χ) = / Xdx Γ(χ) (24) ο 
For Equation 23 the anions are considered to be "painted" on 

the sphere. This means that the a t t r a c t i o n energy of one anion by 
the v e s i c l e , which f o r χ = 1 i s i n f i n i t e f o r a mathematical point 
charge, has been replaced by a f i n i t e energy of absorption. This 
energy i s important, probably on the order of several tens of k c a l , 
but as we s h a l l suppose that a l l the anions are i n contact with 
water, i t turns out that the corresponding term i s constant f o r a 
given sample and does not play any r o l e i n the t o t a l free energy. 
The entropy of the cations i s computed from the c l a s s i c a l formula 
(16): 

S = - k B Σ P i In P i (25) 
i 

where the sum i s extented over a l l states i with p r o b a b i l i t y p^. One 
gets, per c a t i o n : 

G = - TS = k BT ( fax Γ(χ) l n - 3 In R + Ln Ν - 0(26) 
S 0 X2 

For given R and N, the d i s t r i b u t i o n Γ(χ) i s obtained by mi n i 
mizing the f u n c t i o n a l 

F = — — ( τ + Τ + Τ ) (27) 
2Re 1 2 3 

Τ = - 1 + f1 dx Γ(χ) W(x) (28) 
1 ο 

Τ = (N-1) f1 dx ïï2 ( x ) (29) 
2 0 „ 2 
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T 3 = Β Z 1 dx Γ(χ) l n ( I ^ S l ) (30) 
0 

2k D TRε 
— = Β (31) 

e 2 

Equation 27 i s non-linear. By v a r i a t i o n c a l c u l u s , i t s s o l u t i o n 
may be shown to s a t i s f y the d i f f e r e n t i a l equation: 

- ψ. + 2 (N-1) 5<2> - Β Λ - Ln ( ^ ) = 0 (32) 

Although Equation 32 cannot be solved a n a l y t i c a l l y , i t can 
be the basis of numerical i t e r a t i o n , where a "guess" for Π(χ) i s 
f i r s t introduced, from which Γ(χ) i s deduced, t h i s gives a second 
approximation for Π(χ),
r a p i d l y f o r a range of Ν
have to deal with. 

R and Ν are r e l a t e d to V i f the volume of the cations i s ne
glected, v 0 i s the volume of one water molecule: 

4 tt ^3 

"iL ,_3 i/3 λ 7 Va „ Va (34) 

τ H R = Ν ν v 0 (33) 
k-oT 

so that Β = (y^- ν ) ' Ν 1 3 V 
e 2/2ε * η ° 

ο 
In Figure 4 we have p l o t t e d γ(χ) f o r R = 20 A , Τ = 300 Κ, 

Ο - 20 (A) 2 and several values of N. The b u i l d i n g of a layer of 
c a t i o n s , at the surface of the v e s i c l e , i s c l e a r l y shown. In Figure 5 
i s p l o t t e d G , f o r the numerical values quoted above and several 
values of V : 

G = F + B ( - 3 l n R + In Ν - 1 ) (35) 

Two important conclusions may be drawn. F i r s t at a given N, G 
decreases i f V increases, showing a tendency f o r the v e s i c l e to get 
more hydrated. However, f o r a given V , G increases i f Ν increases. 
This means that i f we consider only the e l e c t r o s t a t i c and entropie 
c o n t r i b u t i o n , an i s o l a t e d sample (with V constant) should s p l i t i n t o 
small v e s i c l e s i n order to minimize i t s free energy. 

I n t e r f a c i a l Energy and Compact Coating. U n t i l now we have not c o n s i 
dered the i n t e r f a c i a l energy of the v e s i c l e and the matrix. I f Ν 
i s the number of anions coating the v e s i c l e , the surface they occupy 
i s 2 Ν σ, where σ i s , as i n the f i r s t part of t h i s chapter, the 
c r o s s - s e c t i o n of one segment of the polymeric chain. The remaining 
surface has to be coated with n e u t r a l monomers. Let us c a l l γ λ and 
Y 2 the s p e c i f i c i n t e r f a c i a l energy of water with n e u t r a l m a t e r i a l 
and charged anions, r e s p e c t i v e l y . The t o t a l i n t e r f a c i a l energy of 
one v e s i c l e can be w r i t t e n as 

2 σ Ν γ 2 + (4ffR2 - 2σΝ)γ χ = 2 σ Ν (γ 2 - γ χ ) + 4 ^ Ύ ι (36) 
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Figure 4. — Y (x) pl o t t e d as a fu n c t i o n of χ fo r R = 20 A and 
for several values of N. 1 would correspond to a uniform density 
f o r the c a t i o n . The progressive b u i l d i n g of the b i l a y e r i s 
evident, (Reproduced from Ref. 5. Copyright 1985, American 
Chemical Society.) 
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Figure 5. G from Equation 35 p l o t t e d as a f u n c t i o n of Ν 
f o r d i f f e r e n t values of the hydration parameter γ. 

The c o n t r i b u t i o n of the i n t e r f a c i a l energy 
(Equation 38) has been added to G f o r V = 10. One sees the m i n i 
mum at Ν ^ 500. Point A, at the l e f t of t h i s minimum, represents 
the compact coating of the v e s i c l e (Equation 39). AB represents 
the constant i n t e r f a c i a l energy. 

= ^ ^ m G c, free energy f o r the compact coating. A 
constant equal to AB has been neglected because the i n t e r f a c i a l 
energy i s constant i n t h i s case. 
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Per c a t i o n , t h i s leads to a quantity that must be added to 
Equation 35: 

2 σ(γ 2- Ύ ι ) + 4Π ^ γ ι (37) 

γ 2 i s r e l a t e d to the energy of absorption of the anions; i t i s 
large and negative. However, as i t has already been s a i d , i t i s a 
constant since we have supposed that a l l the anions are i n contact 
with water. Therefore the f i r s t term i n Equation 37 does not play 
any r o l e . The second term i s p o s i t i v e . A t y p i c a l value f o r polye
thylene (17) i s γ χ ^ 40 cgs.This r e l a t i v e l y high value expresses the 
hydrophobic character of the contact of t h i s m a t e r i a l with water. 
Using Equation 37, t h i s term, per c a t i o n , i s 

4 7 r < ! i V o ) 2 / 3 (38) 
Ν 

and i t c l e a r l y favors larg
We have added t h i s c o n t r i b u t i o n to G i n Figure 5 (dashed l i n e ) , 

f o r V = 10. For an i s o l a t e d sample (v = constant) the t o t a l f r e e 
energy (Equation 35) plus (Equation 38) decreases now when Ν i n c r e a 
ses u n t i l i t reaches a minimum where the e f f e c t of G ( e l e c t r o s t a t i c s 
and entropy) again predominates and the t o t a l free energy s t a r t s to 
increase with N. Can we conclude that, at thermal e q u i l i b r i u m , the 
v e s i c l e ' s number of charges i s f i x e d by the above minimum ? One 
has to pay a t t e n t i o n to the f a c t that, because of geometrical h i n 
drances, the number of anions cannot exceed a l i m i t i n g value N c, 
which f o r a given R i s 

4 Π R2 = 2 N c σ (39) 

I f we use the values f o r polytethylene, we see that N c i s 
smaller than the value of Ν corresponding to the mathematical m i n i 
mum of the t o t a l f r e e energy. This f a c t i s s t i l l true f o r other 
values of V , as long as γ i s large enough. The conclusion i s 
straightforward: the hydrophobicity of n e u t r a l monomers causes the 
v e s i c l e to be coated with the maximum N c of anions, compatible with 
t h e i r c r o s s - s e c t i o n . 

I t i s quite evident at t h i s stage, that although the i n t e r f a c i a l 
term plays the fundamental r o l e , i t gives a constant c o n t r i b u t i o n 
to the f r e e energy per c a t i o n and may be dropped i n thermodynamical 
c a l c u l a t i o n s (with the r e s t r i c t i o n that γ χ could depend, f o r instance, 
on Τ and give r i s e to a c o n t r i b u t i o n to the s p e c i f i c heat). 

We have p l o t t e d i n Figure 5 the f u n c t i o n G c of Ν corresponding 
to t h i s compact coating s i t u a t i o n . I t must now be r e c a l l e d that the 
two r e l a t i o n s , Equations 33 and 39 are simultaneously v a l i d or that 

Ν = 2π (|) 2 ^ f - ν 2 = 1.54 ν 2 (40) 
C Ζ Q ^ 

R = 4 7Γ- v s 2.25 V (R i n A) 
2 σ 

We can conclude that the s i z e and capacity of the v e s i c l e i n 
crease with the degree of hydration V . 
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Hydration of Ionomers The knowledge of G c i s of course fundamental 
f o r the understanding of the thermodynamics of hydration of ionomers. 
We can c a l c u l a t e from i t the chemical p o t e n t i a l u of water by d e r i 
v i n g dGç. w e do that from an approximation of G 

dV 

" « - - · • ' < * ^ - # - - . . 7 . ^ - 4 # (4 . ) 

a 3.79 ^ 12.98 ,. , -ι N ( L 0 \ or, Δυ = = — + — 5 — (kcal m ) l ^ z ; 
V 2 V6 

This f u n c t i o n has a negative minimum f o r V ̂  5.14 and stays 
negative when V increases. 

The c l a s s i c a l formula f o r a l i q u i d containing a concentration 
V v of solute i n e r t molecules would give 

k Τ 
Δυ = - k f iTc = - J

In comparison with Equation 42, we can see the er r o r of using, 
without precautions, the formula f o r an i d e a l s o l u t i o n . 

In the absence of any matrix c o n t r i b u t i o n , one can get the law 
for the degree of hydration. The sample i s i n contact with a vapor 
at pressure ρ (18^; P c i s the saturated vapor pressure. 

kT Ln( P/Pc) = Δυ or, Ρ = P c exp(- + l l i Z i ) (43) 
v 2 v 3 

Of course, any d e v i a t i o n from t h i s law should r e f l e c t the 
influence of the matrix. Within the l i m i t e d scope of t h i s paper, we 
s h a l l not enter i n t o t h i s problem. Q u a l i t a t i v e l y , what can be said 
here i s that, f o l l o w i n g the increase of N c, and of D (the i n t e r v e -
s i c l e d i s t a n c e ) , the tension of the "connecting" segments increases 
which r e s u l t s i n an entropie term that adds to G c. At small c, where 
the v e s i c l e s are w e l l separated, t h i s new entropie term can stop 
the process of hydration at a f i n i t e value of V . At large c, the 
v e s i c l e s are almost i n contact, even i n the dry st a t e . The process 
of hydration accentuates t h i s e f f e c t and the v e s i c l e s b u i l d a net
work of channels. In t h i s s i t u a t i o n , the assumption of s p h e r i c i t y 
for the v e s i c l e s i s , of course, no longer v a l i d . 
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Composite Nature of Ionomers 
Properties and Theories 

William Y. Hsu 

Central Research and Development Department, E I du Pont de Nemours and Company, 
Experimental Station, Wilmington, DE 19898 

The composite natur d it  influenc  physical 
properties of ionomer
reviewed. Using perflourinate  examples
ion clustering and its energetics, percolation 
phenomena in transport and elastic properties, and 
morphological effects on ion selectivity are examined. 

Ionomers have been studied extensively during the past twenty years 
( Ό . An important conclusion i s that these materials are generally 
heterogeneous. The ionic groups segregate into multiplets, 
aggregates, clusters or inverted micelles instead of being uniformly 
distributed ( 2 ) . On the one hand, ion clusters in dry samples are 
driven electrostatically since the total energy is lowered 
substantially by the formation of electric multiplets ( 3 ) . On the 
other hand, inverted micelles are formed in hydrated samples due to 
the competition between hydrophilic acid side groups and hydrophobic 
polymer backbones ( 2 ) . This paper focuses on the multiphase, or 
composite, nature of ionomers and i t s influence on physical 
properties. 

To be specific, perfluorinated ionomers of the form 

w i l l be used exclusively, but the concepts discussed here are very 
general and applicable to other ionomers. In the above formula, η is 
6 to 13, Rf i s a perfluoro alkylene group that may contain ether 
oxygen and X is any monovalent cation. The perfluoro side chain may 
contain sulfonate, carboxylate or sulfonamide group and the ionomer 
wil l be designated accordingly. The number of ionic side groups is 
characterized by the equivalent weight (EW) which is defined as the 
dry mass in grams of the acid form of the ionomer that i s needed to 
neutralize one equivalent of base. The perfluorinated ionomers are 
known for their electrochemical properties and various applications, 
and have been studied extensively ( JO. 

The two phase nature of perfluorinated ionomers was f i r s t 
observed by Gierke and his collaborators using small angle x-ray 

0097-6156/ 86/ 0302-0120$06.00/ 0 
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scattering (SAXS) (5,6) and electron microscopy (6,7). They reported 
that scattering from the sulfonyl fluoride precursor polymer was very 
weak and without any noticeable features. However, a new SAXS peak 
representing ion clustering appears in dry sulfonic acid ionomers. 
Similar peaks had previously been observed in the dry state of other 
ionomers (8). In hydrated perfluorinated ionomers, this SAXS peak 
grew in intensity and shifted to smaller scattering angle. It i s 
interpretted as a Bragg-like diffraction peak and corresponds to a 
center-to-center separation of about 50A between clusters for a 
1200EW sulfonate ionomer. These SAXS features were subsequently 
confirmed by Roche et al (9) although details of their interpretation 
were somewhat different. They also showed that the electron density 
fluctuations deduced from SAXS data were only consistent with a 
complete separation of the aqueous phase from the polymer. The 
existence of ion clusters was further supported by electron 
micrographs obtained fro  dr  sulfonat  ionomer  stained b  heav
counter ions (6,7). In
theory for cluster formatio
percolation theory of ion transport (11,12), apply the effective 
medium theory (13) to model elastic properties (14) and highlight the 
influence of morphology on ion selectivity (15,16). 

Elastic Theory for Ion Clustering 

Qualitatively, the equilibrium cluster diameter dQ i s determined by 
the balance of three terms: (i) elastic deformation of the medium, 
( i i ) difference in the condensation energies of the aqueous phase 
before and after entering the polymer and ( i i i ) hydrophilicity of the 
ion-exchange groups. The f i r s t two terms are bulk contributions and 
proportional to the volume of the ion cluster; the last term 
originates from the water-polymer interface where the ion-exchange 
groups reside and is proportional to the surface area of the cluster. 
Energetically, the f i r s t term is a barrier that needs to be overcome 
whereas the last term is the primary driving force of cluster 
formation in hydrated samples. The elastic contribution can be 
computed from known tensile modulus but the other two terms are best 
determined empirically (JO). In this regard the theory i s 
semi-phenomenological and differs from a previous molecular approach 
(2). 

The starting point of the theory is a hypothetical dry cluster 
of diameter d (typically 2 nm) and Ν ion exchange sites embedded in 
an otherwise hydrated sample. The objective is to follow the change 
in free energy associated with the growth of this cluster while 
holding Ν constant. In the dry state, the following contributions 
to the free energy are important: the elastic energy needed to 
exclude the polymer from the interior of ion cluster, ion-ion and 
ion-polymer interactions, and the water-water interaction outside the 
ionomer. The last term i s included to allow for changes in vapor 
pressure and chemical potential of the external water source. As the 
dry cluster hydrates, various water related contributions must be 
added to the free energy. It is convenient to separate the cluster 
into three regions: the f i r s t hydration shell, the second hydration 
shell and the bulk interior of the cluster as shown in Figure 1. 
Water molecules in the f i r s t hydration shell interact with the 
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fluorocarbon matrix, the ion exchange groups and other water 
molecules; but water molecules in the interior of the cluster 
interact with each others only. The net change i s then minimized to 
obtain the equilibrium cluster diameter d Q (10): 

d = -w-s-j— 5 2σ ' (1) 
[ 2 / 3 ] E ( f ) [ l - d V d ^ ] + K 1 

where E(f) is the tensile modulus and f i s the aqueous content of the 
hydrated ionomer, is 0.31 nm and represents the diameter of a 
water molecule, σ 1 is a normalized diameter that is slightly less 
than σ ; the slight difference between these two diameters w i l l be 
ignored in actual computation. The experimental E(f) for a 1200EW 
sulfonate ionomer (T7) is represented by thp dotted line of Figure 2 
and the significance of the theoretical curve will be discussed 
later. In Equation 1, and σ^κ represent the condensation and 
surface cotnributions, respectively
the bulk condensation energ
on the chemical potential of the external water source. To a f i r s t 
approximation, is independent of the counter cations, Kg i s 
independent of the surface concentration of an ionic exchange sites 
but increases with their hydrophilicity, a l l of which are consistent 
with data (JIO). Finally, the effect of counter cations i s implicitly 
contained in the tensile modulus since i t depends on the water 
content which, in turn, i s affected by the cation form (17). When 
applied to sulfonate ionomers, Equation 1 fait h f u l l y describes the 
observed variation in cluster diameter with cation form, equivalent 
weight and water content as shown in Figure 3. Notice the pronounced 
effect of chemical potential in the water content dependence. From a 
least square f i t to the EW and cation form data we found Kg=917 
joule-cm" and Κ^170 joule-cm , which may be compared to the heat 
of water vaporization 2260 joule-cm" , the thermal energy 138 
joule-cm" per water molecule at 300 K, and the formation energy of a 
hydrogen bond 418 joule-cm" . The free energy of "bulk" water inside 
a hydrated ionomer i s slightly larger than pure water because i s 
small and positive (since the reference state is with respect to 
-K^j). But this effect is more than offset by the much larger 
lowering in free energy produced by the surface interaction Κ . 
Accordingly, the equilibrium cluster diameter is basically determined 
by the balance between the hydrophilic surface interaction and the 
elastic deformation of the fluorocarbon matrix. 

The thermodynamic st a b i l i t y of the channels connecting adjacent 
ion clusters has also been analyzed (10). These channels were f i r s t 
proposed by Gierke to explain his transport data (5,17). Using the 
same elastic theory as discussed above, the equilibrium channel 
diameter was found to be (1.4 ± 0.2) nm in excellent agreement with 
experimental values of 1.2 to 1.3 nm. The change in free energy^ 
associated with channel formation was found to be -11 joules-cm . 
Thus these channels are stable but are forming and unforming 
continually at ambient temperature. 

Percolation Theory for Ion Transport 

For transport considerations the most crucial factor i s the formation 
and random distribution of conductive ionic clusters in a 
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Fig. 1 Schematic of a hydrated ion-cluster. The three regions 
indicated are: (i) the f i r s t hydration shell, ( i i ) the second 
hydration shell and ( i i i ) the cluster interior, respectively. 
Reproduced with permission from Ref. 10, Fig. 1. Copyright 1982, 
American Chemical Society. 
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Fig. 2 Tensile modulus of 1200 EW perfluorosulfonate ionomer. 
Reproduced with permission from Ref. 16, Fig. 2. Copyright 1984, 
Electrochemical Society. 
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f luorocarbon ma t r ix (7,12). At low water con ten t , the c l u s t e r s are 
comple te ly d i s j o i n t e d and macroscopic t r a n s p o r t o f sodium and 
h y d r o x y l ions i s ve ry d i f f i c u l t . As the water content i n c r e a s e s , the 
aqueous c l u s t e r s p r o g r e s s i v e l y connect i n t o an extended network tha t 
e v e n t u a l l y pervades the whole sample. A t h r e s h o l d f Q e x i s t s between 
these l i m i t s and demarcates the i n s u l a t o r - t o - c o n d u c t o r t r a n s i t i o n . 
The c o n d u c t i v i t y σ i s n e g l i g i b l e below the t h r e s h o l d and inc reases 
s t e a d i l y above i t acco rd ing to a power law (11): 

σ=σ ( f - f )* (2) 
ο ο 

where t i s an u n i v e r s a l constant t ha t depends on the s p a t i a l 
d i m e n s i o n a l i t y and aQ i s a p r e f a c t o r . The best t h e o r e t i c a l va lue f o r 
t i s about 1.7 fo r a th ree d imens iona l system. E m p i r i c a l l y , f Q 

depends not o n l y on s p a t i a l d i m e n s i o n a l i t y but a l s o on mix ing 
c o n d i t i o n s , p a r t i c l e s i z e , shape and d i s t r i b u t i o n , and the p r e f a c t o r 
a Q depends on d e t a i l s o f i o n i c i n t e r a c t i o n s and d i f f u s i o n processes 
as w e l l . The important
geomet r i ca l i n fo rma t ion
f a c t o r . Therefore the compl ica ted many-c lus te r t r a n s p o r t problem has 
been reduced t o a c o n s i d e r a t i o n o f the p r e f a c t o r σ which i s 
c o n t r o l l e d by i o n - i o n and ion-water i n t e r a c t i o n s w i t h i n a c l u s t e r and 
d i f f u s i o n processes between two adjacent c l u s t e r s o n l y . 

I t i s i n t e r e s t i n g to note tha t the shear modulus o f hydrated 
samples w i l l decrease du r ing h y d r a t i o n s i n c e the aqueous phase can 
not and does not support any shear s t r e s s . However, changes i n 
e l a s t i c modul i remain moderate and gradua l a t f s i n c e the cont inuous 
polymer phase s t i l l p rov ides the necessary shear r i g i d i t y . The 
p e r c o l a t i v e t r a n s i t i o n analogous t o Equat ion 2 f o r t e n s i l e and shear 
moduli occurs a t such a h i g h aqueous content t ha t the cont inuous 
polymer phase has begun to break up. 

The a p p l i c a b i l i t y o f Equat ion 2 to p e r f l u o r i n a t e d ionomers has 
been t e s t ed e x p e r i m e n t a l l y . One o f the methods used t o measure σ was 
designed by B e r z i n s (_1£) and i s shown s c h e m a t i c a l l y i n F i g u r e 4. 
Since the c o n d u c t i v i t y o f e l e c t r o l y t e s and the c ros s s e c t i o n and 
t h i c k n e s s o f the membrane are known, σ can be determined from the 
v o l t a g e drops ac ross the th ree p a i r s o f probe e l e c t r o d e s 1-2, 3-4 and 
5-6. The sodium cu r ren t e f f i c i e n c y (CE) can a l s o be determined by 
t i t r a t i n g the amount o f c a u s t i c soda generated over a g iven p e r i o d o f 
t i m e . The confinement chambers around the working e l e c t r o d e s are 
used to e l i m i n a t e f ree bubbles near the membrane. Our normal ized 
t r a n s p o r t data fo r s u l f o n a t e , c a r b o x y l a t e and sulfonamide ionomers 
are p l o t t e d i n F i g u r e 5; the u n i v e r s a l p e r c o l a t i v e nature o f 
perfluorinated ionomers can be c l e a r l y ^ s e e n . The p r e f a c t o r σ 0 i s 
0.04ΓΓ cm" fo r sulfonamide and 0.36Ω~~ cm"" fo r su l fona t e ionomers . 
The exponent t i s 1.5 ±0.1 i n reasonable agreement w i t h theory and 
the t h r e sho ld s are between 8 t o 10 v o l . %, which are c o n s i s t e n t w i t h 
the bimodal d i s t r i b u t i o n i n c l u s t e r s i z e pos tu l a t ed by the 
c l u s t e r - n e t w o r k model ( 5 .18) . T h i s theory has a l s o been a p p l i e d 
r e c e n t l y t o d e l i n e a t e sodium s e l e c t i v i t y o f p e r f l u o r i n a t e d ionomers 
(20). 

E f f e c t i v e Medium Theory fo r E l a s t i c P r o p e r t i e s 

The normal range o f aqueous content i n a wet ionomer i s s u f f i c i e n t l y 
far from the e l a s t i c p e r c o l a t i v e t r a n s i t i o n tha t an e f f e c t i v e medium 
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1 1 
ο VARIATION WITH EQUIVALENT WEIGHT 
ο VARIATION WITH CATION FORM 
A VARIATION WITH WATER CONTENT 
A CORRECTED FOR CHEMICAL 

I I L _ 
0.1 0.2 0.3 

Fig. 3 Variation of equilibrium cluster diameter d ^ i ^ i t h EW, 
cation form and water content, where E0=275 joule-cm * is the 
tensile modulus of a dry, 1200 EW sulfonate ionomer, A=0.667 i s a 
constant and dQ i s obtained from SAXS and water sorption data. The 
solid line i s a least square f i t of Eq. 1 to the EW and cation form 
data. 

- i - l Powtr Supply* 

N»CI 

Fig. 4 Electrochemical scheme of measuring the ionic conductivity 
of perfluorinated ionomer membranes. 

In Coulombic Interactions in Macromolecular Systems; Eisenberg, A., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



126 COULOMBIC INTERACTIONS IN MACROMOLECULAR SYSTEMS 

theory (^3) is adequate. This theory simulates properties of a 
composite by a homogeneous effective medium that i s determined 
self-consistently by the properties of the original components. In 
the present context, the task i s to relate the effective shear and 
bulk moduli, G and K, respectively, to the actual moduli of the two 
phases, G.fs and K.'s. This i s accomplished as follows. Changes in 
the stress and strain tensors are computed when a small spherical 
portion of the effective medium is replaced by one of the component 
materials of the composite. The average changes in these quantitites 
are then required to vanish since the effective medium supposedly has 
identical properties as the original composite. We thus obtain the 
following self-consistent equations (14): 

where f. is the volume fraction of the jth component and ν i s the 
Poisson Jratio of the effective medium. Using the known relations 
between elastic moduli and known elastic constants for water (21) and 
dry perfluorosulfonate ionomer (17), the tensile modulus Ε of 
hydrated samples has been computed (16). It is compared to 
experimental data (J7) in Figure 2 and the agreement i s good. 

Morphological Effects in Ionomer Blends 

Different perfluorinated ionomers have very different transport 
properties and Na selectivity.^ Foif example, the^Na^ anqj OH" 
conductivities are 1.80x10 ΩΓ cm" and 1.36x10" Ω~~«η7 , 
6 . 9 9 x 1 0 ^ " ^ ^ and 6.10x10" Ω cm , and 1.44x10"^" cm"1 and 
2.50x10" Ω " cm" for 1100EW sulfonate, carboxylate and sulfonamide 
ionomers, respectively. The corresponding sodium CE, which^is the 
fractional contribution to the total conductivity by the Na ions 
alone, is 57%, 92% and 85%, respectively. We thus wonder whether 
interesting combination of properties could be attained in blends 
(15,16). In this context, morphology is an important parameter (15) 
because i t can be controlled by the viscosities of the component 
phases. Theoretically, most of the common morphologies can be 
simulated with ellipsoids having properly chosen semi-principal axes 
a, b and c. An ellipsoid degenerates into a spheroid when two of the 
three axes are equal and into a sphere when a l l three axes are equal. 
Usually spheroids are adequate approximations because oblate 
spheroids (a=b>c) naturally cover spherical (a=c) to lamellar (a>>c) 
morphologies and prolate spheroids (a>b=c) cover spherical (a=c) to 
f i b r i l l a r (a>>c) morphologies. These spheroids are oriented in such 
ways that the current flows either along the short axis c for the 
oblate case or along the long axis a for the prolate case. 
Empirically a and c are several μm and much larger than the 

(3a) 

(3b) 
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equilibrium cluster diameter d (K5nm). Thus each spheroidal domain 
contains several million ion-cîusters and behaves just like any 
typical bulk sample. 

Transport properties of ionomer blends, characterized by a given 
type of spheroids and the aspect ratio, c/a, can now be analyzed by 
the effective medium theory discussed in the previous section. In 
this theory, the two phases are assumed randomly mixed and the 
probability of finding each phase is equal to i t s volume fraction f 
The effective conductivity, σ, of the composite for either Na of OH 
ions is given by (15): 

2 (U) ( l - F ) o + [ a 1 ( F - f 1 ) - K 7 2 ( F - f 2 ) ] a - a 1 a 2 F = 0 v J 

where i s the appropriate Na + or OH" conductivity for phase i (=1 
or 2). Morphological information enters Equation 4 via the factor F. 
It i s exactly 1/3 for spheres, 1 at the lamellar limit and 0 at the 
tubular limit as shown i  Figur  6  Notic  that Equatio  M i
symmetric with respect t
automatically reverse thei
medium composition. 

The computed CE as a function of blend composition is plotted in 
Figure 7 for various morphologies. The dashed curve i s the spherical 
l i m i t . The CE increases very slowly and >80 vol. % of carboxylate i s 
needed to approach the selectivity of pure carboxylate. Physically, 
this slow turn around can be understood as follows. Since the OH" 
conductivity is 22 times higher in the sulfonate phase than the 
carboxylate phase and since the penalty of going around a sphere via 
i t s circumference instead of diametrically across i s only π, the OH 
ions can easily bypass the highly selective carboxylate domain via 
the surrounding sulfonate phase. These shunt paths are cut off only 
at high carboxylate contents in the spherical l i m i t . The situation 
is even worse with oriented prolate spheroids because the 
longitudinal circumference approaches the length of the long 
principal axis, 2a, rapidly as the spheroids elongate. The geometric 
penalty of going around the carboxylate phase is thus even less, 
leading to much poorer CE. In contrast, the longitudinal 
circumference of an oblate spheroid increases rapidly with respect to 
the transverse short principal axis, 2c, as the spheroid flattens 
out. The OH" ions soon find themselves taking such long tortuous 
pathways to bypass the carboxylate phase that the conductivity gain 
through the sulfonate phase i s totally negated. The sodium CE thus 
improves dramatically as shown by the top two curves of Figure 7. 
Our experimental data normally f a l l inside the bar regions of Figure 
7 suggesting strongly lamellar carboxylate domains. This was 
subsequently confirmed by electron microscopy (J5). The predicted 
difference in CE between lamellar and spherical morphologies (86% vs 
62%) has also been observed (89% vs 56%) in a 25% carboxylate blend 
of 1100EW ionomers (15). 

We also wonder whether the CE of these blends can be improved as 
sulfonamide has much higher CE than sulfonate. Theoretically, 
however, the CE for lamellar sulfonamide/carboxylate blends has a 
totally different curvature (T6) as shown by the dashed curve of 
Figure 8. The CE rises slowly and stays close to the behavior of 
pure sulfonamide for most of the composition. Beyond 25% 
carboxylate, the CE of a lamellar sulfonamide/carboxylate blend i s 
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Fig. 5 Universal plot of normalized conductivity (σ/σ ) vs excess 
aqueous content ( f - f Q ) . The dashed line i s a least square f i t of 
Eq. 2 to data. Reproduced with permission from Ref. 16, Fig. 1. 
Copyright 1984, Electrochemical Society. 
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Fig. 6 Eccentricity dependence of the F function. The 
eccentricity e of a spheroid i s related to the aspect ration (c/a) 
by: e =1-(c/a) . Reproduced with permission from Ref. 16, Fig. 4. 
Copyright 1984, Electrochemical Society. 
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VOLUME FRACTION OF CARBOXYLATE 

Fig. 7 Current efficiency of carboxylate/sulfonate ionomer blends. 
Curves are predicted behavior of oriented oblate spheroids whose 
aspect ratios are 0.01 (top curve), 0.25 (middle curve) and 0.995 
(bottom curve), respectively. Reproduced with permission from Ref. 
15, Fig. 2. Copyright 1983, American Chemical Society. 
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Fig. 8 Computed current efficiency for two different lamellar, 
carboxylate blends. The equivalent weight is 1100. Reproduced 
with permission from Ref. 16, Fig. 8. Copyright 1984, 
Electrochemical Society. 
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actually lower than that of a similar sulfonate/carboxylate blend. 
For example, at 50% composition, the CE i s 86% (vs 87% theoretically) 
for the former and 91% (vs 90% theoretically) for the latter blend 
(16). Physically the unusual change in the curvature of the CE 
curves arises from differences in the transport characteristics and 
roles of the sulfonate and sulfonamide phases. In a 
sulfonate/carboxylate blend, the carboxylate phase i s the selective 
component but the sulfonate phase i s the conductive component. The 
lamellar morphology works because i t forces the 0H~ ions through the 
selective carboxylate domain which would otherwise be bypassed. In a 
sulfonamide/carboxylate blend, however, the carboxylate phase i s both 
the selective and the conductive component. The lamellar morphology 
consequently hurts the performance by diverting the OH*" ions across 
the sulfonamide phase unnecessarily. 

Summary 

In summary, I have discusse
for ion clustering in ionomers. The theory i s consistent with 
observed trends in perfluorinated ionomers. I have also demonstrated 
the percolative nature of ion transport in these ionomers and 
computed quantitatively their tensile modulus. Finally, I have 
discussed the influence of morphology on ion selectivity in 
perfluorinated ionomer blends. In particular, I have pointed out 
that an universally preferred morphology beneficial to a l l blends 
does not exist; the ideal morphology must be individually determined 
based on component properties. Most of the theories and conclusions 
here are very general and applicable to other composite polymer 
systems. 
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10 
Structure and Function of Membranes for Modern 
Chloralkali Cells 

Ronald L. Dotson 

Olin Corporation, New Haven, CT 06511 

With the adven
anodes and perf luorinated ion exchange 
membranes, over the past decade and a 
hal f , came an al ternat ive method for 
the manufacture of chlorine and caustic 
soda. This new process produces a food 
grade product without p o l l u t i o n . 

Perf luorinated membranes now provide us 
with the key to a new era of high tech
nology in electrochemical science and 
technology, espec ia l ly i n the manufac
ture of heavy chemicals. These mem
branes can be characterized by the ir 
structure and function. 

In the early 1970's a maximum i n the 
cathode current e f f i c iency was found to 
appear as a function of caustic strength, 
(1), using these perf luorinated membranes 
and this germinated the development of the 
f irs t  commercially successful c h l o r - a l k a l i 
membrane ce l l s .  The maximum is thought to 
occur through discontinuous phase change 
zones less than ten microns thick on the 
cathode surface of the membrane. Here 
percolat ion can occur through topologic-
a l ly  d is torted clusters i n high density 
films maintained under dynamic e lectr ica l  
load. 

Two revolutionary developments have made a subtle, but 
permanent change i n the technology of chlorine and 
caustic manufacture during the past decade and a hal f , 
dimensionally stable anodes and perf luorinated ion ex
change membranes. New c e l l concepts are now made 

0097-6156/ 86/ 0302-0134S06.00/ 0 
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10. DOTSON Membranes for Chloralkali Cells 135 

possible using these components i n unique geometric 
electrode-membrane designs which demonstrate lower 
operating costs than past technology without adding 
po l lu t ion problems associated with asbestos and mercury 
c e l l processes. The basic operational process for a 
s impl i f i ed c h l o r - a l k a l i membrane c e l l i s i l l u s t r a t e d i n 
"Figure 1 " . 

I t i s not at a l l surpr i s ing that the large pro
ducers of f luorine and f luorinated products have been i n 
the vanguard of an intensive development e f fort to pro
duce the most e f f i c i e n t , long- l ived ion exchange mem
branes poss ible . Even though the complete h is tory of 
these polymeric ion exchange membranes spans just over 
two and a hal f decades, some of the sc i ent i s t s and en
gineers i n this f i e l d have become p r o l i f i c on both the 
theory and p r a c t i c a l appl icat ions  I t i s large ly be
cause of the large investmen
the unique juncture
p o l i t i c s that the theories of ion exchange membranes 
are i n a much more advanced stage than any of the other 
ion exchange systems. 

Membranes can be characterized by the ir structure 
and function, that i s how they form and how they per
form. I t i s essent ia l that the cation exchange mem
branes used i n c h l o r - a l k a l i c e l l s have very good chem
i c a l s t a b i l i t y and good s t ruc tura l propert ies . The 
combination of unusual ionic conductivity , high ionic 
s e l e c t i v i t y and resistance to oxidative hydrolys is , make 
the perf luorinated ionomer materials prime candidates 
for c h l o r - a l k a l i membrane cell  separators. 

Structure. The f i r s t commercially successful ch lor ine-
caustic c e l l s were developed and tested at Diamond 
Shamrock's T.R. Evans Research Center in P a i n e s v i l l e , 
Ohio i n the early 7 0 ' s . The res in formulation for these 
separators was based on the polytetrafluoroethylene 
backbone with short polyether side chains as shown: 

f C F 2 C F 2 > - f O C F 2 C F > - - O C F 2 C F 2 S 0 3 H (1 ) 

The equivalent weights for these resins ranged from 
1000 to 2000 meq/g, i n both sul fonic and carboxylic 
acid forms. 

The semicrysta l l ine , supermolecular structure of 
the organic carboxylate and the amorphous structure of 
the sulfonate resins have been studied with x-ray 
scatter ing and mechanical re laxat ion . This work shows 
no trace of c r y s t a l l i n i t y i n the sulfonates, but the 
s tress -re laxat ion data suggests the presence of a 
common s t ruc tura l feature, ion-clustered structure, 
with regions of high and low ion content. In "Figure 2 " 
i s shown the x-ray d i f f r a c t i o n patterns depict ing the 
supermolecular structure of perfluorocarboxylate and the 
sulfonate. Here is shown the amorphous halos i n both 
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Figure 1. Bas ic o p e r a t i o n a l process for membrane c h l o r a l k a l i 
c e l l s . 
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Figure 2. X-ray d i f f r a c t i o n scans showing the supermolecular 
s t ruc tures of p e r f l u o r o c a r b o x y l a t e and sul fonate m a t e r i a l s . 
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of the polymers, and also the carboxyl group aggregation 
y i e ld ing c r y s t a l l i n e peaks at 2.36, 3.15 and 4.85A. In 
"Figure 3" we see an ideal ized model for a random-coil 
network of ion-c lustered structure of an amorphous glass 
in a polymer chain. One polymer chain i s darkened for 
"better v i s u a l i z a t i o n . A concept of how ionic c lusters 
form i n the sulfonic acid polymer i s presented here i n 
"Figure 4 M . Here i s shown the region of c luster so l and 
polymer gel proposed for the perf luorinated sulfonate 
membranes. The c lus ter region i s the gate which controls 
ion flow through the separator, and i t i s modulated by 
concentration, temperature, structure and current density 
i n these f i lms . 

In addit ion to the ion-c lustered gel morphology and 
m i c r o c r y s t a l l i n i t y , other s t ruc tura l features include: 
pore-size d i s t r i b u t i o n  void type  compaction and hydrol
ys i s resistance, capacit
t i o n a l parameters o
permeabil i ty, d i f fus ion coef f i c ients , temperature-time, 
pressure, phase boundary solute concentrations, c e l l 
res istance, ion ic f luxes, concentration p r o f i l e s , mem
brane potent ia l s , transference numbers, electroosmotic 
volume transfer and f i n a l l y current e f f i c i ency . 

When strong interact ions take place between the 
membrane structure and solvated ions and solvent, the 
s o l u b i l i t y of the permeant species are influenced by 
modif ication of the so lvat ion capacity of the solvent 
molecules through a r e s t r i c t e d binding caused by the 
close proximity of polymer substrate-pore walls and 
hydrated ions. In this instance the membrane forms a 
polymer-solvent complex i n the th in contro l l ing layer 
next to the catholyte which rejects hydroxyl ions. The 
brine side of this separator i s a highly solvated ge l . 
This effect becomes much more pronounced in regions where 
the a l k a l i so lut ion becomes most highly structured, as 
NaOH.3iH 20 or Κ 0 Η · 4 Η 2 0 . In this case water associated 
with hydrophi l ic groups f i l l s the flow channels between 
c r y s t a l l i t e s i n the th in a lkal ine skin or layer f i lm 
thus producing a lowering of the d i e l e c t r i c constant and 
thereby introducing anisotropic microporous character
i s t i c s there. 

Dense, impermeable perf luorinated membranes are 
converted into permeable materials through increased 
swell ing i n a suitable medium. I t i s c lear that the 
structure and function of membranes are interdependent, 
(1.2)· 
Function. The chemical, thermal and mechanical s t a b i l i t y 
and ion-exchange behavior of the perf luorinated res ins 
have been found to depend on the res in s tructure , degree 
of cross l ink ing and also on the nature and number of 
f ixed ionic groups. The degree of cross l inking through 
ionic linkages i n the c lusters and covalent l i n k i n g i n 
the polymer backbone, established a mesh width for the 
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One c h a i n 

Figure 3. I d e a l i z e d model of a random-coi l network of i o n -
c l u s t e r e d s t r u c t u r e for an organic g l a s s . 

F igure 4. Ionic c l u s t e r s formed i n p e r f l u o r i n a t e d s u l f o n i c 
a c i d membrane. 
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matrix and also swell ing a b i l i t y of res in and ionic 
mobi l i t i e s for the counterions i n the mesh. Many of 
the perf luorinated materials are s tra ight chain polymers 
l i n k i n g through ionic entanglement alone. The average 
mesh width of the highly crossl inked resins i s of the 
order of only a few angstrom u n i t s . Shown i n "Figure 5" 
i s a conception of the network of interconnected channels 
i n the macro g e l - s o l network. This depicts the approx
imate spacing between funct ional groups, where the mesh 
width of weakly crossl inked and f u l l y swollen resins 
range between 10 to 100 angstrom units i n s i ze , (4,j5). 

The severely d is torted geometry ex is t ing across 
c h l o r - a l k a l i c e l l membranes operating under dynamic load 
can be treated using percolat ion theory. Percolat ion 
theory treats the degree of interconnectedness present 
i n condensed matter i n terms of a percolat ion t rans i t i on 
that develops from increasin
occupation within th
the presence of a sharp phase t rans i t i on at which long-
range connectivity suddenly appears as a function of 
density, occupation and concentration and produces a 
second-order phase t r a n s i t i o n i n the amorphous s o l i d 
phase. Depicted i n "Figure 5" i s the concept of a 
c r i t i c a l volume f rac t ion for percolat ion i n the context 
of a two-dimensional honeycomb l a t t i c e . At the perco
l a t i o n t r a n s i t i o n point i n the network, the underlying 
structure becomes topo log ica l ly d is torted and leads to 
anomalous s e l e c t i v i t y i n the th in permeable f i lms . 

During e l e c t r o l y s i s ions within a membrane which i s 
permeable to them do not remain permanently hydrated as 
the e l e c t r i c current drives them through the th in , i o n i c -
a l l y crossl inked structure of the microfine res in matrix. 
Movement of the hydrated cations toward the cathode 
occurs simultaneous with water s t r ipp ing on the anodic 
side of the separator. The a c t i v i t y coef f ic ient of 
water depends on molar concentrations of solutions on 
both sides of the separator. The t r a n s i t i o n from hydrat
ed cations to cations with negative hydration displaces 
the a c t i v i t y versus concentration curve to higher molar 
values, as shown in "Figure 6". Data i n this f igure 
shows a t y p i c a l funct ional p lo t of sodium transport 
number versus caustic and brine concentrations at 2KA/M 
and 90°C with a perf luorosulfonic ac id-carboxyl ic acid 
membrane system. The sul fonic acid port ion i s very 
much thicker than the carboxyl layer on the cathode s ide, 
(6). The existence of the maximum i n the curve at the 
proper combination of a l l variables i s thought to be due 
to a rapid v i s c o s i t y increase at the c r i t i c a l molar con
centration thereby generating a percolat ion t rans i t i on 
zone at the cathode surface of the separator f i l m . At 
this point the hydroxyl mobi l i ty decreases on the micro-
scale within the micron thick cathodic membrane phase 
boundary corresponding to s t ruc tura l phase transforma
tions within the constricted c r i t i c a l pore volume as 
pictured i n "Figure 5". 
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Figure 6. Three dimensional pl o t of sodium transport number 
versus anolyte-catholyte concentrations. 
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Only after viewing the membrane as a th in f i lm 
semiconductive phase can one begin to ser ious ly evaluate 
i t s p o t e n t i a l i t i e s . I t i s a multidimensional problem, 
and i n the c h l o r - a l k a l i c e l l s the water transport i s 
control led by brine concentration while caustic strength 
controls the cathode e f f i c i ency . The membrane provides 
a low energy pathway for the phase change and separation 
process. 

The f lux of water, s a l t and ions through the mem
brane can be defined i n a net flow equation. The net 
equation, neglect ing convection and surface coverage, i s : 

dN/dt = (dN/dt) D +(dN/dt) 0 +(dN/dt) E M +(dN/dt) E T ( 2 ) 

where : 
(dN/dt)

k s ( C s l - C s 2 ) , mol/time-area. 
(dN/dt)Q= water f lux under pressure 

contro l , osmotic f lux , 
k w ( A P - Û M ) . 

(dN/d t ) „ M = ele ctromigra t ion , 
E M k E (dE/dx) . 

( d N / d t ) „ =charge transfer at electrodes, 
h l k E T(exp(5KzFtl/RT]) 

The increased density of the th in cathodic b a r r i e r 
i n a c h l o r - a l k a l i membrane provides the second phase of 
matter required as the separating agent for a l k a l i and 
ch lor ide . This density change i n the cathodic f i lm 
selects a d i f f erent , more constr ic t ive innerchannel 
geometry at the c r i t i c a l percolat ion volume point , where 
s e l e c t i v i t y i s maximized as manifested by a maximum i n 
the p lot of sodium transport versus concentration, cur
rent , temperature and pressure. This density changes 
exponentially between points x 1 and x 2 i n "Figure 7", 
along the thickness ax i s . This b a r r i e r f i l m i s less 
than 10 microns i n depth but strongly modulates the 
i n t r i n s i c conduction as i t increases voltage and the 
s e l e c t i v i t y at the maximum in current e f f i c i ency . 

Equation ( 2 ) i s the base re la t ionship electrochem
i c a l engineers u t i l i z e to describe and optimize the c e l l s 
and make compromises among the competing factors such as: 
space-time y i e l d , energy consumption, product qua l i ty and 
materials of construct ion. 

Summary. Membrane c e l l processes have become important 
to modern technology to a great extent because of the 
development and u t i l i z a t i o n of perf luorinated membranes. 
The combination of metal anodes and the perf luorinated 
membranes has provided a modern revolut ion i n the area 
of c h l o r - a l k a l i production. 
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Figure 7. Densi ty gradient across the polymer f i l m with br ine 
and c a u s t i c across the b a r r i e r . 
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These membranes are characterized by the ir structure 
and function with re s in formulation based on the poly-
tetrafluoroethylene backbone with short polyether s ide-
chains terminating i n sulfonic acid or carboxylic acid 
groups. These funct ional groups can jo in through ionic 
cross - l inks forming ion-c lus ters . 

The strong interact ions set up by densifying the 
th in cathodic b a r r i e r f i lm on the membrane improve the 
degree of separation; thus the s e l e c t i v i t y of these fi lms 
to the extent that high e f f i c i enc ie s can be achieved at 
proper conditions of operation. One effect ive method of 
increasing this s e l e c t i v i t y and throughput capacity of 
these fi lms i s to incorporate a substance that reacts 
chemically with one component transmitted, or that can 
interact strongly with i t . The basic idea is^to improve 
the sodium to caustic f lux ra t io by modif ication of the 
cathodic f i lms , or adjus
at the minimum s o l u b i l i t
hydroxide, NaOH3fH20, or ΚΟΗ^Η?0. 

The topological d i s t o r t i o n across these polymer 
fi lms can be described by modern percolat ion theory, and 
used to define the maximum i n the sodium transport versus 
caustic concentration curve as an optimum r e s t r i c t e d pore 
volume. 

Basic mathematical re la t ions can be developed to 
treat the overa l l process in c h l o r - a l k a l i production, as 
well as many of the other membrane tasks. 

The process of "unmixing", or transforming a mix
ture of substances into two or more products that d i f f e r 
from each other i n composition i s served wel l by the 
membrane processes. This separation process i s in stark 
contrast to natural forces, as Clausius so apt ly put i t : 
"Die entropie der welt s trebt einem maximum zu". 
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The Chloralkali Electrolysis Process 
Permselectivity and Conductance of Perfluorinated Ionomer 
Membranes 

H. L. Yeager and J. D. Malinsky 

Department of Chemistry, University of Calgary, Calgary, Alberta, Canada T2N 1N4 

Perfluorinated ionome
for use as separator  electrolysi
cells. Using an automated test apparatus, the current 
efficiency and voltage drop of such a high performance 
membrane were evaluated as a function of several cell 
parameters. Results are plotted as three dimensional 
surfaces, and are discussed in terms of current 
theories of membrane permselectivity. 

The development of perfluorinated ionomer membranes fo r use in the 
production of c h l o r i n e and sodium hydroxide has proved to be a le a d 
ing success i n the f i e l d of membrane technology. In f a c t , the major 
i n d u s t r i a l process of bri n e e l e c t r o l y s i s , which has been employed 
for decades using both diaphragm and mercury cathode c e l l s , has been 
r e v o l u t i o n i z e d by these polymer membranes. The modern, high 
performance c h l o r - a l k a l i membrane must possess the fol l o w i n g 
c a p a b i l i t i e s : high p h y s i c a l strength and chemical s t a b i l i t y , l a r g e 
i o n i c conductance, and low permeability to hydroxide i o n - even when 
i n contact with hot NaOH s o l u t i o n s of up to 15 M concentration. 
These performance goals have now l a r g e l y been a t t a i n e d by continued 
improvements through s e v e r a l generations of m a t e r i a l s . Currently, 
commercial p e r f l u o r i n a t e d ionomer materials f o r t h i s a p p l i c a t i o n 
c o n s i s t of membranes with carboxylate or mixed carboxylate-sulfonate 
f u n c t i o n a l i t y ; the l a t t e r membranes often have layered s t r u c t u r e s 
with the carboxylate layer exposed to the c a u s t i c catholyte s o l u t i o n . 
F a b r i c reinforcement i s used i n some instances to improve strength. 

While these membranes e x h i b i t sodium i o n transport numbers as 
high as 0.98 mol F" 1 ( i . e . only 2% of the e l e c t r o l y s i s current i s 
c a r r i e d by hydroxide i o n through the membrane) no comprehensive 
t h e o r e t i c a l treatment of t h i s unusually high p e r m s e l e c t i v i t y has yet 
emerged. The v a r i a t i o n of p e r m s e l e c t i v i t y as a f u n c t i o n of various 
c e l l parameters i s also of i n t e r e s t , not only f o r p r a c t i c a l reasons 
but also because of the i n s i g h t that may be gained i n t o the nature 
of hydroxide i o n r e j e c t i o n . This research i s d i r e c t e d at the l a t t e r 
problem, that i s the c h a r a c t e r i z a t i o n of membrane p e r m s e l e c t i v i t y 
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and r e s i s t a n c e as a fun c t i o n of s o l u t i o n concentration, temperature, 
and current density. 

Experimental 

A laboratory membrane brine e l e c t r o l y s i s c e l l , designed f o r automated 
operation, was constructed (^,^2). This system enables the measure
ment of the sodium i o n transport number of a membrane under s p e c i f i c 
sets of conditions using a r a d i o t r a c e r method. In such an e x p e r i 
ment, the sodium c h l o r i d e anolyte s o l u t i o n i s doped with 2 2Na r a d i o 
t r a c e r , a timed e l e c t r o l y s i s i s performed, and the f r a c t i o n of 
current c a r r i e d by sodium i o n through the membrane i s determined by 
the amount of r a d i o a c t i v i t y that has t r a n s f e r r e d to the sodium 
hydroxide catholyte s o l u t i o n . The voltage drop across the membrane 
during e l e c t r o l y s i s i s simultaneously measured, so that the o v e r a l l 
performance of the ma t e r i a

A block diagram o
system i s constructed to use three sodium c h l o r i d e anolyte and four 
sodium hydroxide catholyte concentrations. The s t a r r e d anolyte 
compartments r e f e r to separate s o l u t i o n s which have been doped with 
r a d i o t r a c e r . These s o l u t i o n s are used only f o r determinations of 
transport number; the nonradioactive b r i n e s o l u t i o n s are used f o r 
system f l u s h i n g and membrane e q u i l i b r a t i o n s . Solutions are se l e c t e d 
and pumped i n t o the c e l l , under computer c o n t r o l , through an a l l -
T e f l o n pump-valve system. The so l u t i o n s are heated during these 
t r a n s f e r s to ensure r a p i d attainment of experimental temperature i n 
the c e l l . The brine system i s designed to enable the return of 
ra d i o t r a c e r s o l u t i o n s to t h e i r storage v e s s e l s a f t e r each use. This 
serves to reduce consumption of r a d i o a c t i v e s o l u t i o n s . 

In p r a c t i c e , s o l u t i o n s are f i r s t pumped i n t o the t e s t c e l l , and 
then c i r c u l a t e d f o r a period of s e v e r a l hours to co n d i t i o n the mem
brane. Next, an e l e c t r o l y s i s i s performed to fu r t h e r c o n d i t i o n the 
m a t e r i a l . These s o l u t i o n s are then discarded, f r e s h catholyte and 
r a d i o a c t i v e anolyte are added, and e l e c t r o l y s i s i s conducted at a 
given membrane current density. A sample of anolyte and the e n t i r e 
catholyte s o l u t i o n are then pumped to a sample c o l l e c t o r f o r weighing 
and determination of r a d i o a c t i v i t y . Other experiments may then be 
repeated at other current d e n s i t i e s , or the sequence repeated with 
new s o l u t i o n concentrations. Thus twelve d i f f e r e n t combinations of 
anolyte and catholyte concentrations are used. 

In t h i s i n v e s t i g a t i o n , a sample of Nafion NX-90209 c h l o r - a l k a l i 
membrane was used (E.I. du Pont de Nemours and Co., Polymer Products 
Department, Wilmington, DE). This membrane has sulfonate and 
carboxylate polymer layers and i s r e i n f o r c e d with an open weave 
f a b r i c . 

Results and Discussion 

Measurements were performed using 2, 3, and 4 M NaCl anolyte and 8, 
10, 12, and 14 M NaOH catholyte s o l u t i o n s . The c e l l temperature was 
va r i e d between 80° and 90°C and membrane current density was v a r i e d 
between 3 and 8 kA m~2 to t e s t the e f f e c t of these parameters on 
membrane performance. For a given temperature and current density, 
values of tjj a+ were used to create a performance surface, using 
tensioned cubic s p l i n e functions 0 , 4 ) . Surfaces f o r three d i f f e r e n t 
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combinations of temperature and current density are shown i n Figures 
2-4. As seen f o r t h i s (and other) high performance c h l o r - a l k a l i 
membranes, sodium i o n transport number shows a maximum with i n c r e a s 
i n g c a u s t i c concentration but i s much l e s s s e n s i t i v e to brine 
anolyte concentration. The p o s i t i o n of t h i s maximum changes with 
temperature and current density. 

The very high values of tfl a+ (approaching 0.98 under c e r t a i n 
conditions) and i t s v a r i a t i o n with changes i n c e l l parameters are 
subjects of great t h e o r e t i c a l and p r a c t i c a l i n t e r e s t . I t should be 
noted that the lack of hydroxide ion migration through the membrane 
i s not due to a Donnan exc l u s i o n process; considerable s o r p t i o n of 
NaOH i s found i n these p e r f l u o r i n a t e d ionomer membranes when they 
are exposed to c a u s t i c s o l u t i o n s (5). 

Therefore the high p e r m s e l e c t i v i t y seen f o r these membranes i n 
concentrated c a u s t i c media must be a t t r i b u t e d to a k i n e t i c source. 
Several treatments of th
ionomers have been presented
of these have included the unusual ion c l u s t e r i n g (13) of the polymer 
as a c e n t r a l morphological f a c t o r . Gierke's treatment suggested 
that channels which connect i o n i c c l u s t e r s may serve as e l e c t r o 
s t a t i c b a r r i e r s to anion transport. Using the Poisson-Boltzman 
equation to c a l c u l a t e the magnitude of t h i s b a r r i e r , trends i n 
observed current e f f i c i e n c y with polymer equivalent weight were 
obtained. 

Reiss and Bassignana (8) note that such e l e c t r o s t a t i c b a r r i e r s 
to anion transport would also serve as wells f o r c a t i o n transport, 
and that the transport of both cations and anions must be considered 
to e x p l a i n what the authors term " s u p e r s e l e c t i v i t y " of these 
polymers. C l e a r l y though, the s p a t i a l v a r i a t i o n i n the concentration 
of f i x e d i o n exchange s i t e s w i t h i n these ionomers i s seen as the 
underlying cause of high p e r m s e l e c t i v i t y (8,12,14). Inherent i n 
t h i s view i s the requirement that the symmetry of the v a r i a t i o n i s 
of a form that w i l l a f f e c t c a t i o n and anion transport to d i f f e r i n g 
degrees. 

Datye and coworkers (12) t r e a t an i o n i c c l u s t e r as a sphere 
with an e l e c t r i c a l d i p o l e l a y e r at the surface. Ions of opposite 
charge would experience a d i f f e r e n t change i n p o t e n t i a l energy when 
t r a v e r s i n g t h i s d i p o l e l a y e r , g i v i n g r i s e to inherent permselectiv
i t y . This general approach looks very promising i n terms of being 
able to generate a model which can eventually p r e d i c t i o n i c transport 
p r o p e r t i e s from molecular and s t r u c t u r a l c h a r a c t e r i s t i c s of these 
ionomers. 

The v a r i a t i o n of current e f f i c i e n c y with s o l u t i o n concentration 
i n the c h l o r - a l k a l i environment i s an added complicating feature of 
these membranes1 behavior. K r u i s s i n k (9) has performed elaborate 
c a l c u l a t i o n s to y i e l d the e f f e c t of electro-osmotic water transport 
on p e r m s e l e c t i v i t y , i n c l a s s i c a l terms. Results suggest that the 
minimum seen i n t^a+ (at lower NaOH concentrations than used here) 
may be due to the e f f e c t s of electro-osmosis. Since hydroxide ion 
i s the transported anion i n c h l o r - a l k a l i membrane c ells, the 
p o s s i b i l i t y e x i s t s that n o n - c l a s s i c a l transport i n v o l v i n g proton 
tunneling events i s also a c o n t r i b u t i n g f a c t o r . Mauritz and Gray 
(15) have i n v e s t i g a t e d the extent of proton tunneling events i n a 
p e r f l u o r o s u l f o n a t e f i l m i n contact with c a u s t i c s o l u t i o n s . They show 
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Figure 1. Block diagram of automated membrane t e s t c e l l 
apparatus. Reproduced with permission from Réf. 1. Copyright 
1982, the Electrochemical Society, Inc. 
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Figure 4. t N + f o r Nafion NX-90209, 90°C, 8 kA m 2 . 
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remarkable p a r a l l e l s between an i n f r a r e d continuous absorption of 
t h i s polymer ( r e f l e c t i n g proton tunneling) and i t s p e r m s e l e c t i v i t y 
i n an operating c h l o r - a l k a l i c e l l as a f u n c t i o n of c a u s t i c catholyte 
concentration. The e f f e c t of i n c r e a s i n g membrane dehydration with 
s o l u t i o n concentration on proton tunneling events (and hydroxide 
m o b i l i t y ) i s seen as the l i k e l y cause of t h i s r e l a t i o n s h i p . 

Thus, an o v e r a l l theory of membrane p e r m s e l e c t i v i t y i n terms of 
polymer pro p e r t i e s may have to take i n t o account a v a r i e t y of f a c t o r s 
to be a s u c c e s s f u l p r e d i c t i v e t o o l i n membrane design. 

In p r a c t i c a l terms, the v a r i a t i o n i n p e r m s e l e c t i v i t y as a 
fu n c t i o n of various c e l l parameters means that c e l l performance must 
be optimized to minimize energy consumption. Not only membrane 
pe r m s e l e c t i v i t y but membrane voltage as w e l l as other components of 
c e l l voltage must be considered i n order to optimize c e l l power 
consumption per u n i t of product. Membrane voltage drop f o r Nafion 
NX-90209 i s shown at 90°C d 3 kA n f 2 t densit  i  Figur  5
as a t y p i c a l case. The
with i n c r e a s i n g c a u s t i
dehydration; i n a d d i t i o n , the r i s e i n voltage with i n c r e a s i n g 
current i s v i r t u a l l y ohmic. 

The power consumption of a membrane c h l o r - a l k a l i c e l l which 
uses t h i s m a t e r i a l can be estimated from these voltage and transport 
number r e s u l t s . C e l l voltage i s the sum of membrane voltage drop, 
galvanic voltage, electrode o v e r p o t e n t i a l s , and s o l u t i o n and 
s t r u c t u r a l IR drops. When these are summed, c e l l power consumption 
i s c a l c u l a t e d by: 

Power Consumption (kWh t o n n e - 1 ) = 670.1 E c e j ^ ^ / t ^ a + 

Experimentally, we f i n d that the galvanic voltage of the c e l l v a r i e s 
between 2.2 and 2.4 v o l t s under these ranges of c o n d i t i o n s . The 
other voltage components of the c e l l , f o r a f i n i t e gap c o n f i g u r a t i o n 
with low overvoltage anode and cathode, were estimated by the term 

0.12+0.04 (I + l n I) v o l t s 

where I i s current density i n kA m~2. 
Power consumption trends, estimated i n t h i s manner, are shown 

i n Figures 6-8 f o r three sets of operating c o n d i t i o n s . At 90°C and 
3 kA m~2 current density, a broad minimum i s seen i n power consump
t i o n with i n c r e a s i n g c a u s t i c concentration. At 80°C, power consump
t i o n i s lowered f o r more d i l u t e c a u s t i c concentrations due to the 
s h i f t of the maximum i n tfla+» A t 90°C and 8 kA m~2, power consump
t i o n r i s e s about 20-30% compared to r e s u l t s f o r 3 kA m~2 at the same 
temperature. Values are greatest at higher c a u s t i c strengths, a 
r e s u l t of both large membrane voltages and reduced membrane current 
e f f i c i e n c i e s . O v e r a l l , c e l l power consumption changes slowly and 
monotonically with these c e l l parameters f o r t h i s high performance 
membrane. 
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Figure 7. Estimated c e l l power consumption, 80°C, 3 kA m 

Figure 8. Estimated c e l l power consumption, 90°C, 8 kA m"2. 
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12 
Solution Processing of Perfluorinated Ionomers 
Recent Developments 

Michael J. Covitch1 

Diamond Shamrock Corporation, Painesville, OH 44077 

Several new solvent
perfluorinated
duPont de Nemours and Company) give rise to a 
number of interesting and technologically 
significant applications of these materials. The 
ability of a particular solvent to dissolve 
1100-1200 equivalent weight ionomers is influenced 
by the type of bound anion as well as the cation 
chemistry. For example, N-butylacetamide dissolves 
both sulfonate and carboxylate ionomers; and it can 
be used to prepare ionomer alloys having mixed 
functionality. Porous structures can be prepared 
from a solution of the ionomer precursor (-SO2F or 
-COOCH3) in a perfluoroalkylacid solvent by pseudo 
eutectic solidifcation techniques. Applications of 
these dissolution processes for the preparation of 
membranes, solid polymer electrolytes, and coatings 
are briefly discussed. 

Perfluorinated ionomers such as Nafion are of significant 
commercial importance as cation exchange membranes in brine 
electrolysis cells (I). Outstanding chemical and thermal 
stability make this class of polymers uniquely suited for use in 
such harsh oxidizing environments. The Nafion polymer consists 
of a perfluorinated backbone and perfluoroalkylether sidechains 
which are terminated with sulfonic acid and/or carboxylic acid 
functionality. 

-f. C F 2 C F 2 - ^ C F 2 C F ^ 

0 

( C F g C F - O ^ C F ^ X 

where X = S0 3M, C0 2M; M = H, metal cation; Ζ > 1; η = 1,2. 

1Current address: The Lubrizol Corporation, Wickliffe, OH 44092 
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In a previous paper (2), the author described a method to 
dissolve the sulfonyl fluoride precursor form of a perfluorinated 
sulfonate ionomer. Commercially available forms of Nafion are 
supplied as activated membranes ( i .e . , saponified from the 
precursor to the ionic form), and near-quantitative reconsti
tution of the precursor functionality (such as RSÔ F) must first 
be performed using a chemical reagent such as SF- f4) before 
dissolution in perhalogenated solvents is possible. Besides 
adding to the cost of membrane manufacture, SF- is extremely 
toxic and corrosive and must be handled in nickel alloy pressure 
equipment. Therefore, a method for dissolving perfluorinated 
ionomers directly would be more desirable. 

Martin and co-workers (5) published a procedure for 
solubilization of perfluorinated ionomers in alcohol/water 
solutions using a combination of heat and pressure. Although 
Martin (18) has claimed that only low concentration solutions 
(<1% w/vT~are stable a
obtained stable, one-phas
than 5 weight %. Oyama, et al (20) reported that a dilute 
solution of Nafion 125 (1200 equivalent weight, sodium salt) can 
be obtained by boiling the polymer in dimethylsulfoxide (boiling 
point = 189°C) followed by filtration. A 5.6 mg/ml (0.56% w/v) 
stock solution was prepared by 1:1 (v/v) dilution of the filtrate 
with ethanol and used for coating graphite electrodes. The 
present paper describes a number of other solvents which are 
capable of dissolving perfluorinated ionomers (up to ca. 10 wt. % 
solids) at atmospheric pressure and elevated temperature. 

Experimental 

The 1100 equivalent weight sulfonate ionomer was prepared from 
Nafion 117 by ion exchange of the sulfonic acid form (prepared 
according to reference 2) with the appropriate metal hydroxide. 
Carboxylate ionomer was available as the catholyte facing layer 
of Nafion 901. This material was converted to the acid form by 
three successive four-hour treatments in pH > 3 aqueous HC1, 
maintaining the pH as close to three as possible by dropwise 
addition of 1 wt. % HC1. This procedure is necessary to maintain 
ion pair dissociation of the carboxylic acid group. Ion pair 
association begins to occur at external solution pH < 3 which 
causes the polymer to deswell and become milky white due to the 
inclusion of entrapped acid. The metal carboxylate was then 
prepared by the same method described above for the sulfonate 
ionomers. The procedure for preparation of the sulfonyl fluoride 
form of Nafion 117 has been outlined elsewhere (4). The 
carboxylic acid form of Nafion 901 was esterifieH in methanol by 
bubbling dry HC1 gas through the solution at 20-30°C for four 
hours. All samples were washed with distilled water and dried 
under vacuum at 80°C for 24 hours. 

All solvents were purchased commercially and used without 
further purification. Ionomer dissolution was accomplished with 
mechanical agitation under a blanket of dry nitrogen at 
approximately 10°C below the boiling point (at atmospheric 
pressure) of the solvent but no higher than 230°C. 
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Results and D i scuss ion 

Besides the perhalogenated compounds which s u c c e s s f u l l y d i s s o l ve 
the su l f ony l f l u o r i d e and methyl carboxy la te ionomer 
precursors (2 ) , a number of po la r non-halogenated organics (see 
Table I) have been i d e n t i f i e d which d i s s o l ve e i t h e r the su l fonate 
or the c a r b o x y l a t ç ionomer (6) . In genera l , the smal ler a l k a l i 
metal (such as L i , Na ) forms are more r e a d i l y d i s so l ved than 
those conta in ing l a r ge r c a t i o n s . So lut ions conta in ing 8-10% by 
weight of ionomer can be r e a d i l y prepared from most o f the 
so lvents l i s t e d in Table I. In cont ra s t to the precursor 
so lu t i ons in halogenated so l ven t s , the ionomer so lu t i ons are f a r 
less v iscous and do not become ge lat inous when cooled to 30°C. 
In the 20-30°C temperature regime, c e r t a i n so lu t i ons such as 
those in Su l fo lane ( P h i l l i p s Petroleum) begin to t h i c k e n . 
There fo re , these ionome  so lu t ion  e a s i e d
convenient to handle tha
s o l u t i o n s . 

One of the so lvents on Table I - -N -buty lacetamide- -d i s so lves 
both the su l fonate and carboxy late layers o f Nafion 901; 
su l f o l ane c l e a n l y d i s so l ves away only the su l fonate l a y e r , 
l eav ing an i n t a c t carboxy la te f i l m . One of the most i n t r i g u i n g 
a p p l i c a t i o n s o f these d i s s o l u t i o n methods i s in the preparat ion 
of novel su l f ona te /ca rboxy la te ionomer a l l o y s . The patent 
l i t e r a t u r e has descr ibed the usefulness o f p e r f l u o r i n a t e d ionomer 
a l l o y membranes f o r br ine e l e c t r o l y s i s (7 ) , and a recent paper by 
Hsu and co-workers (8) descr ibes the e f f e c t s of a l l o y morphology 
on membrane s e l e c t i v i t y . These a l l o y s were produced by 
e x t r u s i o n , ad jus t ing the melt temperature and presumably the f i l m 
take-up speed to cont ro l morphology. U t i l i z i n g N-butylacetamide 
as a co so l ven t , ionomer a l l o y membranes may a l so be prepared by 
standard f i l m coat ing techniques. Here, contro l of a l l o y 
morphology may be exerc i sed by ad jus t ing the blend compos i t ion, 
ca s t i ng temperature, and dry ing r a t e . In a d d i t i o n , mixed 
so lvents may be used to p r e f e r e n t i a l l y extend one domain at the 
expense of the o ther , thereby adding another dimension to domain 
morphology c o n t r o l . 

I f the precursor forms of the su l fonate and carboxy late 
ionomers are a v a i l a b l e , a l l o y s may a l so be prepared from 
so lu t i ons in Halocarbon O i l (Halocarbon Products Corpora t ion ) . 

In a previous p u b l i c a t i o n (2) i t was shown that so lu t i ons o f 
the su l f ony l f l u o r i d e precursor in c e r t a i n p e r f l u o r i n a t e d 
so lvents such as per f l uo rooc tano i c ac id "form s o l i d s at room 
temperature . . . by v i r t u e of the melt ing points of t h e i r 
re spec t i ve s o l v e n t s . " Removal of the so lvent by d i s s o l u t i o n or 
vacuum subl imat ion leaves a porous s t ruc tu re (6 ) , the pores 
having been formed by c r y s t a l l i z a t i o n of so lvent which separated 
by syneres i s from the gel dur ing c o o l i n g . The porous product i s 
best s apon i f i ed in aqueous metal hydroxide s o l u t i on p r i o r to 
so lvent removal to s t a b i l i z e the pore s t r u c t u r e . S im i l a r r e s u l t s 
have been obtained by others (9-13) f o r p o l y o l e f i n s d i s so l ved in 
high melt ing d i l u e n t s . In these references i t i s noted that the 
two-phase morphology of a quenched polymer s o l u t i o n i s r e l a t e d to 
the o v e r a l l compos i t ion, coo l i ng r a t e , and quenching temperature; 
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Table I. Solvents capable of dissolving perfluorinated ionomers 
and ionomer precursors at atmospheric pressure and 
elevated temperature. 

Solvent 
Halocarbon Oil 
perfluorooctanoic acid 
perfluorodecanoic acid 
perfluorotributyl ami ne 
FC-70 available from 3M 

(perfluorotrialkylamine) 
perfluoro-l-methyldecalin 
decafluorobiphenyl 
pentafluorophenol 
pentafluorobenzoic acid 
N-butylacetamide 
sulfolane (tetramethylene 

sulfone) 
N,N-dimethylacetamide 
N,N-diethylacetamide 
N,N-dimethylpropionamide 
N,N-dibutylformamide 
Ν ,N-dipropylacetami de 
Ν,N-dimethylformami de 
l-methyl-2-pyrrolidinone 
diethylene glycol 
ethylacetamidoacetate 

Functional Group 

X 
X 
X 

Boiling 
Poin

225-260 
189 
218 
175 
215 

159 
206 
143 
220 
229 
285 

165 
185 
174 
242 
209 
153 
202 
245 
265 

Ζ is an alkali or alkaline earth metal or a quaternary ammonium 
ion having attached hydrogen, alkyl, substituted alkyl, aromatic, 
or cyclic hydrocarbon. 
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the smallest pores are generally formed by solidification of the 
eutectic composition. Photo-micrographs of quenched perfluoro-
sulfonyl fluoride/perfluorooctanoic acid solutions and those 
found in reference 9 are quite similar. Electron micrographs and 
simple permeation experiments confirm the porous nature of the 
solvent extracted perfluorinated ionomer. Porous membranes of 
this type may find application in chlor-alkali diaphram cells and 
solid polymer electrolyte electrodes (6). 

Perfluorinated ionomer solutions may be applied to a variety 
of substrates to form fabric reinforced membranes, solid polymer 
electrolytes, and carboxylate-coated sulfonate membranes (6,14). 
Solvent cast films are as durable as extruded membranes of the 
same thickness and display identical ion selectivity 
characteristics. Current membranes are often reinforced with a 
fabric to reduce the possibility of tearing during handling. The 
fabric is sandwiched betwee  th  membran  (i  th
thermoplastic form) an
membrane on a heated vacuu
horseshoe heater (16), This process does not completely 
encapsulate the faEric, resulting in exposed fabric "knuckles" on 
the release paper side of the membrane. In addition, the 
fiber-like topography of the release paper is transferred to one 
side of the membrane. This rough membrane surface may affect 
electrolyte flow patterns past the membrane, resulting in 
stagnant pockets in which severe electrolyte depletion or 
concentration may occur. Concentration polarization effects 
increase leading to an increase in cell voltage. By comparison, 
solution coated fabric is totally encapsulated by the membrane, 
and both membrane surfaces are smooth. Thus, electrolyte flow 
patterns past both surfaces are similar, avoiding unusual 
concentration polarization affects at one surface. 

A solid polymer electrolyte (SPE) consists of a membrane 
which is in direct contact with both electrodes, thereby 
eliminating electrolyte gap resistance to reduce all voltage. 
The General Electric SPE (17) consists of two porous particulate 
electrodes which are bondecTcohesively with polytetrafluoro-
ethylene dispersion particles and connected electrically to the 
outside of the cell hardware by means of metallic current 
collectors which are pressed against the SPE by mechanical 
methods. Such an SPE can be prepared via perfluoroionomer 
solution techniques. One method is to apply a paste consisting 
of the electrolyte powder and the perfluoroionomer solution to 
the membrane and evaporate the solvent. Alternately, the paste 
can be applied to a sacrificial substrate such as aluminum fo i l , 
dried, and subsequently pressed into the membrane as a decal. 
The use of a perfluorinated ionomer as the SPE electrode binder 
results in better adhesive bonding with the membrane by virtue of 
the fact that the binder and the membrane are of identical 
composition. In addition, the solvent in the electrode paste 
promotes "solvent welding" by softening the membrane during the 
application process. 

Perfluoroionomers may also be applied via the solution 
process as a protective coating to reaction vessels or other 
metallic equipment (15) to prevent corrosion or product build-up. 
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Corros ion r e s i s t a n t f luoropolymer coat ings are c u r r e n t l y marketed 
by W. L. Gore & A s soc i a te s , Inc. (F luo ro sh ie ld ) and P faud ler . 
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Microstructure of Organic Ionic Membranes 
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Perm selectivity
portant parameters
stability, to be considered in applications for ion ex
change membranes; no connection is usually done with 
the microstructure. The aim of this paper is to present 
results on the physical structure of perfluorinated mem
branes. Crystallinity and distribution of the ionic 
sites across the thickness will be first considered. 
Evidence of a separate ionic phase will then be given 
and the local ion concentration will be analyzed. 

The p h y s i c a l structure of ion-containing polymers has been the 
subject of many i n v e s t i g a t i o n s . Each of these polymers has a hydro-
genated or f l u o r i n a t e d backbone with a s t a t i s t i c a l d i s t r i b u t i o n along 
the chain of the ion exchange side groups. The percentage of mono
mers containing the i o n i c groups i s u s u a l l y lower than a. 10%; at 
l a r g e r concentrations the copolymers may become water s o l u b l e . 
Exchange of the c a r b o x y l i c or s u l f o n i c a c i d protons with other 
cations allows the use of a large range of spectroscopic techniques 
to b e t t e r understand the microstructure of these m a t e r i a l s . Conden
sa t i o n of charges has been t h e o r e t i c a l l y proposed and a l s o experimen
t a l l y observed. The b a s i c ion p a i r s A""X+ are f i r s t associated to 
form the s o - c a l l e d m u l t i p l e t s , which contain a small number of these 
ion p a i r s . E l e c t r i c i n t e r a c t i o n s are responsible for these aggrega
tions and s t e r i c hindrance l i m i t s the extent of a s s o c i a t i o n . C l u s t e 
r i n g of m u l t i p l e t s may occur because of r e s i d u a l e l e c t r i c i n t e r 
actions between m u l t i p l e t s . The p h y s i c a l c r o s s l i n k i n g gives some 
i n t e r e s t i n g p roperties to these m a t e r i a l s . 

Polymeric ion exchange membranes are a p a r t i c u l a r c l a s s of these 
ion-containing polymers. We have been i n t e r e s t e d i n understanding 
t h e i r microstructure i n order to explain membrane c h a r a c t e r i s t i c s 
such as p e r m s e l e c t i v i t y , i o n i c c o n d u c t i v i t y , and water d i f f u s i o n . 
Most of the r e s u l t s obtained on p e r f l u o r i n a t e d ionomer membranes are 
summarized i n a book (i). 

In t h i s paper, we w i l l report r e s u l t s mainly obtained on per
f l u o r i n a t e d sulfonated membranes. F i r s t , we w i l l show that the 
d i s t r i b u t i o n of the ion exchange groups may be quit e nonuniform on 
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both a macroscopic and a microscopic l e v e l . We w i l l then concentrate 
on the s o - c a l l e d i o n i c regions f o r which we w i l l define the chemical 
composition. The geometry of these domains w i l l then be discussed. 

C r y s t a l l i n i t y 

In terms of str u c t u r e of the membranes the f i r s t point to be d i s c u s 
sed concerns the p o s s i b i l i t y of having c r y s t a l l i n e domains and the 
r o l e of these domains. X ray and d i f f e r e n t i a l scanning calorimetry 
measurements are the best ways to probe the existence and the s t r u c 
ture of c r y s t a l l i n e domains. Figure 1 represents d i f f e r e n t X ray 
s c a t t e r i n g curves obtained f o r : 
• a low density polyethylene a f t e r i r r a d i a t i o n g r a f t i n g with styrene 

followed by s u l f o n a t i o n (1.46 meq/g exchange capacity) ( f i g u r e 1a); 
• a f l u o r i n a t e d p o l y v i n y l i d e n e on which have been i r r a d i a t i o n g r afted 
monomers of dimethyl amin  e t h y l methacrylat  followed b  quater
n i z a t i o n ( f i g u r e 1b)

CH3 

-(CH 2-CF 2)-CH 2-C 0 H -

C-O-(CH 2) 2-NH-CH 3 

I I CH 3 

0 

Indexes of c r y s t a l l i n i t y can be obtained from these d i f f e r e n t 
experiments. I t has to be noted that the c r y s t a l l i n e s t r u cture gene
r a l l y corresponds to the c r y s t a l l i n e s t r u cture of the s t a r t i n g homo-
polymers. The c r y s t a l l i n e domains play a r o l e as p h y s i c a l crosslinks, 

A s i m i l a r behavior has also been observed i n membranes obtained 
by copolymerization. Many recent p e r f l u o r i n a t e d sulfonated membranes 
have been obtained by copolymerization of t e t r a f l u o r o e t h y l e n e with a 
s u l f o n y l f l u o r i d e v i n y l ether. This high molecular weight polymer 
has the fo l l o w i n g formula: 

- ( CF 2-CF 2 )-CF 2-CF-0-CF 2-CF0-( CF 2 ) 2-S0 2 F 
n I I 

CF 3 

In such a form t h i s m a t e r i a l i s melt f a b r i c a b l e and a f t e r h y d r o l y s i s 
i s converted to a ion exchange membrane with a p e r f l u o r o s u l f o n a t e 
group, -S0 3Na. The sodium counter ion can be exchanged by other 
metal ion or hydrogen i o n . 

Figure 2 represents the neutron d i f f r a c t i o n spectrum obtained 
with a copolymer corresponding to η *\j 7. The existence of c r y s t a l l i 
ne domains with the same st r u c t u r e as f o r PTFE implies the absence 
of ion exchange groups i n these domains. Such a r e s u l t involves the 
presence along the backbone of many long segments containing only 
C F 2 - C F 2 . A f t e r swelling the broad peak i s s i g n i f i c a n t l y broader f o r 
the wet sample than f o r the dry sample; t h i s observation means that 
the wet m a t e r i a l i s more disordered and that the separation between 
amorphous and c r y s t a l l i n e regions i s le s s c l e a r cut. This r e s u l t 
implies that the c r y s t a l l i t e s which act as p h y s i c a l c r o s s l i n k s are 
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Figure 1. X-ray s c a t t e r i n g spectra of membranes obtained trom poly
ethylene (a) and polyvinylidene f l u o r i d e (b). 

0 55 ' S 3'0 ώ 29C! 

Figure 2. Neutron d i f f r a c t i o n spectra of acid Nafion membrane for 
wet and drv samples. Instrument i s D 1B. Incident wave-length i s 
λο = 2.56 A. The h o r i z o n t a l axis i s expressed e i t h e r i n s c a t t e r i n g 
angles (2Θ) u n i t s , or i n neutron momentum t r a n s f e r (Q = ̂ ττ/λο s^-n^) 
u n i t s . Note the d i f f e r e n t v e r t i c a l s c ales f o r the two samples. The 
separation between the amorphous and c r y s t a l l i n e c o n t r i b u t i o n s to the 
large angle peak i s shown f o r the dry sample. Temperature ^ 25°C. 
Reproduced with permiss ion from Ref. 3. Copyright 1982 J . Polym. 
S c i . , Polym. Phys. 
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p a r t i a l l y destroyed by the chain tensions due to s w e l l i n g of the 
i o n i c h y d r o p h i l i c phase. 

These c r y s t a l l i t e s therefore form a separate phase and do not 
p a r t i c i p a t e i n the exchange process. 

Macroscopic D i s t r i b u t i o n of the Ion Exchange S i t e s across the 
Membrane Thickness 

An e l e c t r o n microprobe i s used to define the extent of the homogenei
ty f o r the d i s t r i b u t i o n of the exchange s i t e s across the thickness of 
the membrane. C a t i o n i c membranes are exchanged with C u + + . Chlorhy-
d r a t i o n of quaternized Ν of anionic membranes r e s u l t s from the 
presence of a CI ion per i o n i c s i t e . The sample i s bombarded with a 
beam of electrons and the number of emitted X rays i n a c e r t a i n ener
gy range (corresponding to the Cu and CI t r a n s i t i o n s ) i s counted. 
The number observed i s p r o p o r t i o n a l to the relevant elemental concen
t r a t i o n . About 1 urn3 o
ray detector are simultaneousl
edge 250 urn t h i c k ) of a cut membrane g i v i n g a p r o f i l e of elemental 
concentration versus distance i n t o the membrane. 

Concentration p r o f i l e s obtained with d i f f e r e n t membranes are 
shown i n Figure 3. Most of these membranes obtained by i r r a d i a t i o n 
g r a f t i n g have a nonhomogeneous d i s t r i b u t i o n of i o n i c s i t e s across the 
thickness. The exchange p r o p e r t i e s and the i o n i c c o n d u c t i v i t y must 
strongly depend on t h i s asymmetry i n the r e p a r t i t i o n . A new approach 
to asymmetric membranes may be envisaged from t h i s i r r a d i a t i o n 
g r a f t i n g technique. 

On the other hand, a homogeneous d i s t r i b u t i o n i s obtained f o r 
the Nafion p e r f l u o r i n a t e d membranes obtained by copolymerization and 
h y d r o l y s i s of the S0 2F side groups. 

Let us now concentrate on these l a s t membranes, which have a 
r e l a t i v e l y homogeneous i o n i c s i t e d i s t r i b u t i o n at a urn s c a l e . Nafion 
1200 equivalent weights have been studied here. We already know that 
there are small m i c r o c r y s t a l l i t e s with a PTFE s t r u c t u r e . The ques
t i o n now concerns the d i s t r i b u t i o n of SO3H outside of these c r y s t a l s ; 
do we have a s t a t i s t i c a l d i s t r i b u t i o n of them or do we have some 
i o n i c c l u s t e r s with a l a r g e r i o n i c concentration? This question w i l l 
be developed i n the next chapter. 
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Microscopic D i s t r i b u t i o n of the Ionic S i t e s 

163 

Information concerning phase separation i n s i d e a m a t e r i a l can be 
obtained from small angle X ray or neutron s c a t t e r i n g . We have ex
perimented with melt quenched p e r f l u o r i n a t e d membranes to get r i d of 
the c r y s t a l l i n e phase (2). Water absorption at room temperature i s 
s i m i l a r to that i n the nonquenched m a t e r i a l . Water has been shown 
to be absorbed s p e c i f i c a l l y where the SÔ H"1" groups are i n the a c i d 
form; the water tends to f i r s t surround the c a t i o n . Water protons 
c o n s t i t u t e an exc e l l e n t probe i n neutron s c a t t e r i n g because of the 
large d i f f e r e n c e s i n s c a t t e r i n g length compared with C, F, S and 0. 
With small angle neutron s c a t t e r i n g (SANS), i t i s therefore p o s s i b l e 
to determine i f there i s a s t a t i s t i c a l d i s t r i b u t i o n of the hydrated 
i o n i c groups or a c l u s t e r i n g of them. + 

Figure 4 shows the SANS curve obtained f o r a Na exchanged 
Nafion 1200 specimen f i r s t quenched fro  th  melt d the  b o i l e d i
water. The water conten
40% by volume. The existenc
zero order s c a t t e r i n g increase i n the f i r s t evidence or a nonuniform 
d i s t r i b u t i o n of water i n s i d e the specimen. S i m i l a r curves have been 
obtained with samples containing les s water (3). When the hydration 
l e v e l i s decreased, we observed a decrease i n the i n t e n s i t y of the 
peak and a s h i f t at higher angles of t h i s peak. The q u a l i t a t i v e 
r e s u l t obtained from these curves i s the existence of i o n i c hydro-
p h i l i c domains whose s i z e and distance may depend on the t o t a l water 
content. 

A more q u a n t i t a t i v e a n a l y s i s of the extent of phase separation 
may be obtained by using the technique of i s o t o p i c replacement. Two 
samples are prepared having the same str u c t u r e except that the atoms 
of an element found i n one sample have been replaced by an isotope 
i n the other. In t h i s work, t h i s i s accomplished by hydrating sam
ples with mixtures of H 20 and D 20 of various proportions. For 
samples that have two phase structures the r a t i o of SANS i n t e n s i t i e s 
i s given by: 

_ 2 

I » ( q ) ( A " ( P 2 / P 1 3 2 ] 

W " [ B i - ( P 2 / P i ) B 2 ] 2 

where primed q u a n t i t i e s are those a f t e r i s o t o p i c replacement. The 
i n t e n s i t y r a t i o i s independent of the s c a t t e r i n g v ector and the two 
s c a t t e r i n g curves d i f f e r only by a constant m u l t i p l e . For systems 
i n v o l v i n g more than two phases t h i s w i l l not generally be the case. 

S c a t t e r i n g curves have been obtained f o r samples containing d i f 
ferent water amounts and a d i f f e r e n t H 20/D 20 r a t i o . For example, f o r 
a specimen soaked i n a mixture of 12.5% H 20/87.5% D 20 ( t o t a l water 
content i s 16% by weight) e s s e n t i a l l y no s c a t t e r i n g was observed 
above a constant background. This r e s u l t i n i t s e l f i n d i c a t e s that 
the s c a t t e r i n g system contains e s s e n t i a l l y two phases or contrast 
regions. The matching concentration, known as the i s o p i c n i c p o i n t , 
corresponds to the concentration at which 

3i = ( p 2 / p i ) 3 2 

Since each value of β changes l i n e a r l y with the r a t i o [ D 2 O ] / [ H 2 O ] 
and the density values change l i t t l e , [ i / l f l (J should be l i n e a r as 
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Figure 3. Concentratio
element concentration ( i
and b, Cu concentration a f t e r exchange. The membranes have been 
obtained from a low density polyethylene a f t e r i r r a d i a t i o n g r a f t i n g 
with styrene followed by s u l f o n a t i o n . c, Cu concentration a f t e r 
exchange. The membrane has been obtained from a copolymer of t e t r a -
f l u o r o r e t h y l e n e and f l u o r i n a t e d propylene a f t e r i r r a d i a t i o n g r a f t i n g 
with styrene followed by s u l f o n a t i o n . d, CI concentration a f t e r 
c h l o r h y d r a t a t i o n of dimethyl annio e t h y l methacrylate grafted on 
poly v i n y l i d e n e f l u o r i d e . 

I 

20H 

0Û5 0.1 Q f A . f ) a e 

Figure 4. C h a r a c t e r i s t i c curve obtained i n a small angle s c a t t e r i n g 
experiment showing both the peak and the zero order s c a t t e r i n g 
increase. 
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a f u n c t i o n of [ D 2 0 ] / [ H 2 0 ] . Such a dependence i | shown i n Figure 5 i n 
which the constant of m u l t i p l i c a t i o n L I/ IH 2o] experimentally 
obtained to give the best p o s s i b l e o v e r a l l superposition i s p l o t t e d 
versus [ D 2 0 ] / [ H 2 0 ] f o r d i f f e r e n t water contents. A good l i n e a r 
dependence i s observed f o r the high water content samples. For low 
water contents the two phase approximation i s l e s s v a l i d . SAXS 
r e s u l t s confirm such a r e s u l t with a p o s i t i v e d e v i a t i o n from Porod's 
law c h a r a c t e r i s t i c of density f l u c t u a t i o n s w i t h i n phases. 

These SANS r e s u l t s therefore confirm the existence of a separa
ted phase containing most of the i o n i c exchange s i t e s and the hydra
t i o n water. 

L o c a l concentration of c a t i o n and chemical composition of t h i s 
i o n i c phase i n d i f f e r e n t ion exchange ionomer membranes has been 
obtained from e l e c t r o n spin resonance (ESR) measurements of C u + + 

exchanged c a t i o n i c membranes (4). SANS experiments have shown that no 
d r a s t i c change occurs i
n e u t r a l i z a t i o n . Genera
therefore be obtained throug
s i t u a t i o n e x i s t s i n other ion containing polymers where a complete 
re o r g a n i z a t i o n of the microstructure occurs upon n e u t r a l i z a t i o n of 
the a c i d i c groups. 

L o c a l C u + + concentrations i n the membranes have been obtained by 
comparing the corresponding ESR spectra with the spectra obtained 
with reference C u + + s o l u t i o n s . Frozen reference s o l u t i o n s (at l i q u i d 
nitrogen temperature) permit us to get r i d of the molecular motions. 
P r i o r to the experiment the samples have therefore been quenched 
from room temperature down to 77 Κ i n the f i n g e r dewar of the ESR 
spectrometer. The reference s o l u t i o n s are aqueous s o l u t i o n s to which 
we have added a cryoprotector. I t has been shown that such an addi
t i o n prevents c r y s t a l l i z a t i o n of water during c o o l i n g , thus preser
ving the t o t a l C u + + concentrations. The C u + + concentrations range of 
the reference s o l u t i o n s ( 0 . 0 2 - 0 . 2 g Cu + +/cm 3) has been chosen i n 
order to match the p o s s i b l e concentrations found i n the membranes. 
I t turns out that i n t h i s concentration range there are dramatic 
changes i n the shape of the ESR spectra, these changes are due to 
r e l a t i v e l y important changes i n the d i p o l e - d i p o l e and exchange 
i n t e r a c t i o n s between the e l e c t r o n i c spins. For low concentrations, 
the spectrum i s very s i m i l a r to that of i s o l a t e d C u + + ions where the 
four l i n e s due to hyperfine i n t e r a c t i o n s with the C u + + nuclear spins 
are c l e a r l y seen. For higher concentrations only a broad l i n e i s 
seen. A continuous change i n the spectra i s observed when the con
c e n t r a t i o n i s v a r i e d (Figure 6 ) . A few e m p i r i c a l parameters, such as 
the widths at h a l f and quarter of maximum and r e l a t i v e heights of 
various components, have been used to c h a r a c t e r i z e the spectra; the 
changes i n these parameters vs. C u + + concentrations have been p l o t t e d 
i n Figure 7. 

The various reference s o l u t i o n s obtained by changing both the 
nature of the s a l t ( s u l f a t e , n i t r a t e , and bromure) and the cryopro
t e c t o r (dimethylsulfoxide, g l y c e r o l , ethyleneglycol) have given 
e s s e n t i a l l y the same r e s u l t s f o r the same C u + + concentrations. The 
changes observed from one spectrum to another are small compared to 
the changes observed with a small m o d i f i c a t i o n of the C u + + concentra
t i o n . We can therefore assume, i n f i r s t approximation, that an ESR 
spectrum i s c h a r a c t e r i s t i c of the C u + + concentration. Because the 
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Figure 5. Multiplication used in superposition of Figures 2-4 as 
a function of [ H 2 O ] / [ D 2 O ] . 

1000 Gouts 

Figure 6. ESR spectra of reference solutions at 77 Κ with different 
Cu + + concentration (g Cu + +/cm 3): a, 0.19; b, 0.105; c, 0.042; and 
definition of the different parameters used to characterize the 
spectra. Reproduced with permission from Ref. 4. Copyright 1983 
J. Appl. Polym. Sci. 
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Figure 7. Changes i n the width s p e c t r a l parameters vs. C u + + concen
t r a t i o n of the reference s o l u t i o n s . Key: Χ, δχ; ο, ό 2 ; • , 6 3 ; ·, Δ, 
Ηρρ. Reproduced with permission from Ref. 4. Copyright 1983. J. Appl. 
Polym. S c i . 
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d i p o l e - d i p o l e and exchange i n t e r a c t i o n s are short range, the measured 
concentrations are l o c a l concentrations on a few tens of A s c a l e . Use 
of cryoprotectors permits us to have homogeneous so l u t i o n s so that 
the l o c a l and average concentrations are the same i n the reference 
s o l u t i o n s . However, i n the membranes where we expect i o n i c segrega
t i o n s , the l o c a l concentrations measured by ESR should be d i f f e r e n t 
from the average concentration defined from chemical a n a l y s i s . 

In Table I are summarized the r e s u l t s obtained f o r d i f f e r e n t 
sample: Nafion perfluoroethylene membrane (NAF), a c r y l i c a c i d i r r a 
d i a t i o n grafted p o l y t e t r a f l u o r o e t h y l e n e (PTFE), sulfonated styrene 
i r r a d i a t i o n grafted f l u o r i n a t e d ethylene propylene copolymer (RAI), 
and sulfonated polysulfone (SPS). 

Table I. Average and l o c a l C u + + concentrations i n membranes co r r e s 
ponding to d i f f e r e n t degrees of exchange and d i f f e r e n t water contents 

Exchange 
capacity 
meq/g 

Specimen 
Averag

concentration 

Μ, 
g/cm 

Water content 
g/g 

Local [Cu ] 
(g/cm3) 

Concentration 
r a t i o 

0.8 NAF 0.047 0.045 0.21 4.46 
0.8 NAF 0.039 0.15 0.115 2.96 
0.8 NAF 0.018 0.03 0.082 4.53 
3.33 PTFE 0.049 0.061 0.088 1.8 
3.33 PTFE 0.016 0.095 0.065 4.06 
3.2 PTFE 0.055 0.047 0.045 2.65 
3.2 PTFE 0.01 0.148 0.048 5.03 
1.2 RAI 0.0524 0.03 0.208 3.97 
1.2 RAI 0.0518 0.03 0.21 4.05 
1.2 RAI 0.0652 0.03 0.21 3.22 
1.2 RAI 0.0422 0.15 0.094 2.84 
1.2 RAI 0.0417 0.15 0.0987 2.36 
1.2 RAI 0.0525 0.15 0.105 2 
1.0 SPS 0.027 0.015 0.096 3.55 
1.0 SPS 0.022 0.23 0.077 3.5 
0.75 SPS 0.0063 0.03 0.042 6.6 
0.75 SPS 0.0125 0.03 0.046 3.68 
0.99 SPS 0.0227 0.04 0.0924 4.07 
0.99 SPS 0.0272 0.04 0.113 4.15 

Let us discuss some of the r e s u l t s . The l o c a l concentrations 
are always l a r g e r than the average concentration obtained from chemi
c a l a n a l y s i s . This i s d i r e c t evidence f o r nonrandom d i s t r i b u t i o n of 
ions i n the membranes. For instance, i n the low water content Nafion 
sample we found a r a t i o l a r g e r than 4, which means that the i o n i c 
phase represents l e s s than 25% of the polymer. Such a large i o n i c 
concentration cannot be explained only by a phase segregation of the 
ether comonomer, which would give a f a c t o r smaller than 2, Therefore, 
the i o n i c phase has to contain Cu** ions, water, and only part of the 
side chain. Another i n t e r e s t i n g point i s the change i n l o c a l concen
t r a t i o n when the water content i s changed. I f the l o c a l C u + + concen
t r a t i o n i n the sample containing 4.5% water by weight i s 0.21 g/cm3, 
we can c a l c u l a t e the new C u + + concentration i f we assume that when 
the water content changes from 4.5% to 15% a l l the new absorbed water 
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molecules are absorbed i n the phase containing C u + + ions. With such 
an hypothesis we would expect to observe a change i n the l o c a l con
c e n t r a t i o n from 0.21 g/cnr to 0.107 g/cm3. This number i s p r e t t y 
close to the experimental value of 0.115 g/cm3 and i s consistent with 
the hypothesis that most of the water molecules are absorbed i n the 
i o n i c phase. 

We also have to compare the l o c a l C u + + concentration with the 
concentration obtained by assuming that we have a i o n i c phase c o n t a i 
ning only water and C u + + ions i n t h i s hydrated sample. The 15% water 
content sample contains 20.5 water per C u + + and the corresponding 
s o l u t i o n would therefore have a concentration of 63(63 + 20.5 χ 18) = 
0.145 g Cu + +/g. The concentration i n g/cm3 w i l l be l a r g e r because 
the density i s greater than 1, This value i s d e f i n i t e l y l a r g e r than 
the l o c a l concentration found i n t h i s sample (0,115 g/cm 3). 

The absolute values of the l o c a l concentration are given w i t h i n 
20% accuracy. The r e l a t i v  value  correspondin  t  change  i  wate
contents are obtained wit

A l l t h i s evidence i n d i c a t e
i n t h i s membrane. The l o c a l C u + + concentration i s three times l a r g e r 
than the average concentration i n the f u l l y hydrated specimen, and 
t h i s r a t i o i s s t i l l l arger (^ 4.5) f o r the low water content s p e c i 
mens. The changes observed i n the l o c a l concentrations when the 
water content i s changed are consistent with the hypothesis that most 
of the water molecules are going i n s i d e t h i s i o n i c phase. Since the 
l o c a l C u + + concentration has been shown to be smaller than the C u + + 

concentration obtained from a i o n i c phase containing only water and 
C u + + ions, some other organic groups have to be included i n t h i s 
phase. 

Sim i l a r r a t i o s of the l o c a l ion concentration versus the average 
concentration have been obtained for the other membranes. For some 
membranes the d e f i n i t i o n of the l o c a l concentration i s more d i f f i c u l t , 
probably because of superposition of d i f f e r e n t i o n i c species. 

These e l e c t r o n spin resonance studies d i r e c t l y show the 
existence of phase segregation i n these ion exchange membranes. The 
i o n i c phase i s made of the ions, water molecules, and part of the 
side chains. 

Mossbauer spectroscopy i s a powerful technique to give informa
t i o n on the i o n i c phase a f t e r exchange with s p e c i f i c cations l i k e 
5 7 F e , 1 5 1 E u or 1 1 3 S n . Most of our work on the p e r f l u o r i n a t e d ionomer 
membranes has been done with F e + + and F e + + + ions (5,6). A t y p i c a l 
resonant absorption experiment uses a monochromatic r a d i o a c t i v e 
Mossbauer source which emits γ rays; the sample to be studied i s used 
as an absorber and must contain n u c l e i of the same st a b l e isotope 
emitted by the source. Resonant absorption occurs whenever the d i f 
ference i n energy between the ground and excited states of the n u c l e i 
i n source and absorber p r e c i s e l y c o i n c i d e . Each state i s s p l i t by 
hyperfine i n t e r a c t i o n of the nuclear e l e c t r i c and magnetic moments 
with the e l e c t r i c and magnetic f i e l d s created at the nucleus by i t s 
surrounding electrons and more d i s t a n t atoms. The energy of γ rays 
emitted by the source i s s l i g h t l y modulated; the spectrum i s scanned 
by varying the Doppler s h i f t obtained by moving the source with a 
v e l o c i t y , v, 10 mm/s. 

D i f f e r e n t information can be extracted from the absorption 
spectra. The area of the absorption spectrum i s governed by the 
p r o b a b i l i t y of a nucleus absorbing a γ photon emitted by the source 
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without r e c o i l . The r e c o i l e s s f r a c t i o n i s : 
-E 2<x 2>/h 2c 2 

f = e Ύ 

where <x2> i s the mean square displacement of the absorbing nucleus. 
Absorption disappears e n t i r e l y when <x2> diverges at the melting 
point or near the glass t r a n s i t i o n of a n o n c r y s t a l l i n e phase. The 
quadrupole s p l i t t i n g values r e f l e c t the existence of an e l e c t r i c 
f i e l d gradient produced by the asymmetry i n the electrons or neigh
bouring atoms d i s t r i b u t i o n . S t r u c t u r a l information can a l s o be d e r i 
ved from the e f f e c t s of magnetic i n t e r a c t i o n s on F e + 3 spectra. A 
paramagnetic hyperfine structure can be observed when the distances 
between F e + + + ions are large enough to give long e l e c t r o n i c r e l a x a 
t i o n times. Small i r o n r i c h c l u s t e r s may order magnetically and lead 
to superparamagnetism above a c e r t a i n blocking temperature. 

Mossbauer spectroscop
ted ionomer membranes ca
absorption disappears at temperatures u s u a l l y w e l l below 0°C. Such a 
r e s u l t already excludes the existence of i r o n ions dispersed i n a 
p e r f l u o r i n a t e d matrix f o r which we would observe a disappearance of 
absorption at a temperature corresponding to the glass t r a n s i t i o n of 
the matrix 300°C). In Figure 8 are p l o t t e d the changes i n £nf 
versus temperature f o r d i f f e r e n t water contents. A d e v i a t i o n from 
the s t r a i g h t l i n e corresponding to a Debye model with θ = 140 Κ 
appears at a temperature associated with a glass t r a n s i t i o n of the 
i o n i c phase containing water and ions. Such a r e s u l t i s consistent 
with the NMR r e s u l t s and quasi e l a s t i c neutron s c a t t e r i n g from which 
water protons have been found to be mobile down to temperatures of 
the order of 200 K. 

In Figure 9 are shown the low temperature parameters of a 
ferrous Nafion as a f u n c t i o n of water content. A d r a s t i c change 
occurs between 0 and 8% weight water content f o r a l l the parameters. 
This r e s u l t , associated with Na +, H + NMR r e s u l t s and with heat of 
so r p t i o n changes, implies that the f i r s t water molecules are absorbed 
s p e c i f i c a l l y at the c a t i o n s . 

Through a n a l y s i s of the microstructure of the i o n i c phase i n the 
F e + + + exchanged membranes d i f f e r e n t i o n i c species have been iden
t i f i e d : 
• i s o l a t e d F e + 3 ions g i v i n g a paramagnetic hyperfine spectrum; 
• dimers g i v i n g a s p e c i f i c doublet with a large quadrupole s p l i t t i n g ; 
• i r o n i n groups containing even numbers of a n t i f e r r o m a g n e t i c a l l y 

coupled f e r r i c ions. 
Evidence of the existence of a separate i o n i c h y d r o p h i l i c phase 

has therefore been obtained from these d i f f e r e n t measurements. The 
l o c a l s t r u c t u r e i n s i d e t h i s i o n i c phase seems to depend strongly on 
the nature of the c a t i o n . S p e c i f i c a s s o c i a t i o n s have been found f o r 
F e + + + ions. The question which a r i s e s now concerns the geometry of 
these i o n i c a s s o c i a t i o n s . This problem w i l l be developed i n the next 
chapter. 

Dimensions of the Ionic Domains 

A t y p i c a l behavior observed i n ionomers i s the existence of a small 
angle s c a t t e r i n g peak (from X ray or neutron experiments) and a zero 

In Coulombic Interactions in Macromolecular Systems; Eisenberg, A., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



13. PINERI Microstructure of Organic Ionic Membranes 171 

o 5

Figure 8. tnî vs. Τ f o r a ferrous Nafion as a fu n c t i o n of water 
content. Key: • , 3.6% H 20; ·, 6.6% H 20; •, 7.8% H 20; o, 17.5% H 20. 
The s o l i d l i n e corresponds to the t h e o r e t i c a l tnf curve with 
0pj = 140 K. Insert shows the temperature, To, at which the f - f actor 
f a l l s to zero. 

20 HtOwtJghtVt 

Figure 9. Low temperature (4.2 K) parameters of a ferrous Nafion as 
a f u n c t i o n of water content (one-site f i t ) . Reproduced with permission 
from Ref. 9. Copyright 1984 J. Reactive Polym. 
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order s c a t t e r i n g increase. Both the i n t e n s i t y and the p o s i t i o n of 
the peak change with water content. This peak has therefore been 
associated with the i o n i c h y d r o p h i l i c domains. A n a l y s i s of t h i s peak 
i n terms of a Bragg peak r e s u l t i n g of the presence of a p o l y c r y s t a l -
l i n e l a t t i c e of s p h e r i c a l i o n i c aggregates has been made by T. Gierke 
(7) f o r the Nafion p e r f l u o r i n a t e d m a t e r i a l s . The proposed model a l s o 
based on ion transport implies the existence of these s p h e r i c a l i o n i c 
c l u s t e r s separated by small channels which permit the ion and water 
d i f f u s i o n . In a s i m i l a r system, Fujimura (J_) concluded that the ge
neral aspects of the v a r i a t i o n of the s c a t t e r i n g p r o f i l e s with s w e l l i n g 
and deformation can be q u a l i t a t i v e l y described by one of the f o l l o 
wing models: ( i ) a two phase model i n which s p h e r i c a l i o n i c aggrega
tes are dispersed i n the polymeric matrix or ( i i ) the core s h e l l 
model. 

In a another study (8), we have analyzed the l i t e r a t u r e data 
associated with our SANS dat d show  tha  th  s c a t t e r i n  dat
p e r f l u o r o s u l f o n a t e d ionome
t e r i n g produced by a grou
matrix. The number of ions per c l u s t e r was found to change with the 
water absorption values, with the c a t i o n , and with equivalent weight. 
The occurence of the s c a t t e r i n g maxima i s due to int e r f e r e n c e e f f e c t s 
between c l u s t e r s . Further c a l c u l a t i o n s have to be made to take i n t o 
account a p o s s i b l e anisotropy of these i o n i c spheres. 

Attempts to Label the Ionic Domains 

We have completed experiments l a b e l the i o n i c domains. We have 
found evidence of a p r e c i p i t a t i o n phenomenon of p a r t i c l e s of i r o n 
oxide or hydroxide when an i r o n form of membrane was exchanged by 
d i f f e r e n t other ions l i k e K +, Na +, etc. We therefore have analyzed 
these p a r t i c l e s by d i f f e r e n t techniques - l i k e X rays, Mossbauer 
spectroscopy, magnetic measurements and e l e c t r o n microscopy- with 
two goals i n mind. F i r s t of a l l the formation of u l t r a t h i n p a r t i 
c l e s i s very important i n d i f f e r e n t domains and e s p e c i a l l y i n cata
l y s i s when these membranes are used i n the s o l i d polymer e l e c t r o l y t e 
process. Second, we expect some c o r r e l a t i o n between the s i z e s and 
d i s t r i b u t i o n of p r e c i p i t a t e s with the s t a r t i n g i o n i c domains. 

Let us summarize here some previous r e s u l t s (9,10). When 
soaking a F e + 3 membrane l i k e Nafion 1200 i n a s o l u t i o n of K +, the 
exchange i s e f f e c t e d but the i r o n i s not eliminated from the membra
ne. We indeed have a Mossbauer absorption but a very d i f f e r e n t 
spectrum (Figure 10), A l l of the i r o n i s now contained i n a s i n g l e 
new phase which d i s p l a y s a magnetically s p l i t hyperfine pattern at 
4.2 K. The structure of t h i s new phase depends on d i f f e r e n t parame
t e r s , the most important of which seems to be the i n i t i a l water 
content. Amorphous f e r r i c hydroxide has been obtained f o r low water 
contents. aFeOOH (goethite) i s obtained f o r high water content 
(118%). a F e 2 0 3 (hematite) i s obtained when a sample f i r s t exchanged 
with F e + 3 i s autoclaved at 150°C. 

The d i s t r i b u t i o n of these p r e c i p i t a t e s across the membrane 
thickness i s not uniform, as has been shown by e l e c t r o n microprobe 
Figure 11). The p r o f i l e form depends on d i f f e r e n t parameters such as 
time of soaking i n KOH s o l u t i o n s , KOH concentrations, etc. 

These p a r t i c l e s of aFeOOH and a F e 2 0 3 have been observed d i r e c t l y 
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Figure 10. Mossbauer spectra at 4.2 Κ of an F e + 3 . Nafion sample 
before (a) and a f t e r (b) reexchange with K +. Reproduced with 
permission from Ref. 9. Copyright 1984 J. Reactive Polym. 

Figure 11. D i s t r i b u t i o n of i r o n across the thickness of the membrane 
before (a) and a f t e r (b) exchange with K +. 
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i n u l t r a t h i n ( 5 0 0 Â ) sections of these p e r f l u o r o s u l f o n a t e membranes 
by transmission e l e c t r o n microscopy (TEM) . aFe203 p a r t i 
c l e s (y 100 A i n diameter) are roughly s p h e r i c a l ; they are grouped 
together i n c l u s t e r s ranging from a few hundred up to about 1000 Â . 
These c l u s t e r s are uniformly d i s t r i b u t e d across the membrane t h i c k 
ness. The aFeOOH p a r t i c l e s are i n the form of w e l l separated a c i r c u -
l a r or blade shaped c r y s t a l l i t e s up to 1000 Â long and about 100 Â 
across. 

These r e s u l t s may c o n s t i t u t e a f i r s t step toward a d i r e c t obser
v a t i o n of i o n i c domains. 

Conclusions 

Many organic polymeric ion exchange membranes have a three phase 
s t r u c t u r e : 
• m i c r o c r y s t a l l i t e s ; 
• intermediate hydrophobi
• h y d r o p h i l i c i o n i c domain
membrane f o r the ion exchange process. 

We have given many experimental r e s u l t s concerning t h i s i o n i c 
phase i n terms of chemical composition, dynamic p r o p e r t i e s , micro-
s t r u c t u r e of the i o n i c complexes and geometry of the domains. 
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Ion-Hopping Kinetics in Three-Arm Star 
Polyisobutylene-Based Model Ionomers 
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Three-armed ionically terminated "stars" are used to 
determine the kinetics of ion-hopping or interchange. 
These species for
aggregates provid
techniques are utilized, and from the relaxation times 
the kinetic parameters are calculated. For the sodium 
sulfonate terminal groups, the first order rate 
constant is given by k = 7.11 x 109 exp (-94,000/RT) 
with ΔΗ in Joules/mol. 

I t has long been recognized that the flow of ionomers, because of 
the presence of i o n i c aggregates, i s r e l a t e d to the rate at which 
i o n i c groups (pairs) remove themselves from one aggregate and move 
to another (1-2). Since ionomers have r e c e n t l y become of great 
i n d u s t r i a l and academic i n t e r e s t , and since the flow of ionomers 
represents a fundamental problem i n study of mechanical p r o p e r t i e s 
as w e l l as the production of these m a t e r i a l s , i t has been of great 
i n t e r e s t to determine the rate at which t h i s ion-hopping process 
occurs. Attempts to study t h i s fundamental process i n bulk ionomers 
have not y i e l d e d much q u a n t i t a t i v e information, because, i n most 
ionomer systems, two d i f f e r e n t types of aggregates are thought to 
be present i . e . m u l t i p l e t s and c l u s t e r s (3-4). M u l t i p l e t s are 
r e l a t i v e l y small i o n i c aggregates c o n s i s t i n g of a few i o n p a i r s , 
while c l u s t e r s can be quite large and presumably also contain 
considerable organic chain m a t e r i a l . Thus, i n order to obtain 
information about ion-hopping k i n e t i c s , i t i s necessary to work on 
a system i n which only m u l t i p l e t s are present. Since conventional 
ionomers, i . e . , polymers containing a large concentration (4-12 
mole %) of randomly placed i o n i c groups, generally contain both 
c l u s t e r s and m u l t i p l e t s (5-6), other systems have to be considered. 

D i f u n c t i o n a l l y terminated polymer chains are, obviously, of 
great i n t e r e s t i n t h i s context. Teyssie and coworkers (7-15) have 
in v e s t i g a t e d the properties of h a l a t o - t e l e c h e l i c systems extensively, 
i n c l u d i n g a number of r h e o l o g i c a l s t u d i e s . They found that, for 
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polybutadiene h a l a t o - t e l e c h e l i c systems with d i v a l e n t cations (Ba, 
Ca, Zn, and Mg), only one r e l a x a t i o n mechanism c h a r a c t e r i s t i c of 
i o n i c aggregates worked without chain flow due to the layered 
structures of m u l t i p l e t s . The a c t i v a t i o n energies obtained are from 
62.8 KJoul/mole f o r Ba s a l t to 128 KJoul/mole f o r Mg s a l t . However, 
i n general, i t i s probable that i o n i c aggregation i n the h a l a t o -
t e l e c h e l i c systems with monovalent cations c o n s i s t s mainly of i o n 
quartets ( i n v o l v i n g only two chain ends), as shown schematically i n 
Figure 1. In t h i s case, i s o l a t i o n of the ion-hopping mechanism 
from a d d i t i o n a l r e l a x a t i o n mechanisms, e.g., normal chain flow, can
not be assured. I t i s therefore d e s i r a b l e to study a system i n 
which the polymer i s present as a c o v a l e n t l y c r o s s l i n k e d network, 
the chains of which contain "weak11 or thermolabile linkages i n the 
form of ion quartets. A three-arm s t a r polymer c a r r y i n g terminal 
i o n i c groups, a l s o shown i n Figure 1, can y i e l d such a system 
provided the i o n i c group t i  small h concentratio
so that c l u s t e r i n g does
work which s a t i s f i e s a l
ion-hopping k i n e t i c s . 

Three-arm s t a r ionomers of t h i s type have r e c e n t l y become 
a v a i l a b l e (16-17). They c o n s i s t of polyisobutylene (PIB) chain 
segments emanating from a c e n t r a l phenyl r i n g and ca r r y i n g metal 
sulfonate groups at the three chain ends. Molecular weights of 
these polymers range from 6,000 to 20,000. The chemistry of these 
systems has been described e x t e n s i v e l y . I t has been shown that the 
materials behave l i k e conventional c o v a l e n t l y c r o s s l i n k e d rubbers, 
and i n v e s t i g a t i o n s of these materials are continuing (18-23). 

A w e l l defined way of obtaining k i n e t i c data f o r chemical 
reactions which lead to chain s c i s s i o n i n bulk network polymers i s 
by s t r e s s r e l a x a t i o n . The formalism of t h i s method has been 
developed by Tobolsky and others (24-26), and can be summarized as 
foll o w s . 

From the k i n e t i c theory of rubber e l a s t i c i t y , the s t r e s s , f ( t ) , 
at time t i s r e l a t e d to the i n i t i a l s t r e s s , f ( 0 ) , by where N(t) i s 

f ( t ) = NCO m 

fCO) N(0) u ; 

the number of network chains per u n i t volume supporting the s t r e s s 
at time L . 

When the network chains are undergoing an interchange r e a c t i o n , 
f i r s t - o r d e r r e a c t i o n rate law can be ap p l i e d , i . e . 

- f ^ = k N(t) (2) 

where k denotes the rate constant of the interchange r e a c t i o n . 
I n tegration of Equation 2 with the boundary c o n d i t i o n N(t)=N(0) at 
t=0 gives 

= exp(- kt) = exp(-t/T) (3) 

where k=l/x and τ denotes the r e l a x a t i o n time. Combining Equation 1 
and Equation 3 y i e l d s the law f o r Maxwellian decay. 

F i n a l l y , the rate constant k f o r the interchange r e a c t i o n can 
be expressed by the fol l o w i n g equation 
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k = A exp(-AE a/RT) (4) 

where AE a i s the a c t i v a t i o n energy of the r e a c t i o n and R i s the gas 
constant. 

The assumptions made i n applying these equations to ion-hopping 
reactions are that a l l the network chains are of uniform length and 
that the ion-hopping mechanism i s r e f l e c t e d only i n the "ultimate 
equivalent" Maxwell element. 

Experimental 

Three-arm s t a r PIB ionomers were prepared by techniques described 
e x t e n s i v e l y before (16-17). Some relevant parameters f o r the sample 
are shown i n Table I. The 3-arm PIB ionomers n e u t r a l i z e d by NaOH 
were d r i e d at room temperatur  unde  fo  1 month  whil
ther s e r i e s of Na s a l t
then compression molded
in2. T y p i c a l dimensions of the rectangular specimens f o r s t r e s s 
r e l a x a t i o n studies were 3.0 χ 6.0 χ 40 (mm). 

The experiments were performed on a st r e s s relaxometer (27) 
under a nitrogen atmosphere. The temperature i n s i d e the sample 
chamber was constant w i t h i n ± 0.2°C i n the range of 60 to 150°C. 
The s t r e t c h i n g mode was u t i l i z e d and the elongation was ca. 10% of 
t o t a l length. 

Previous studies of ionomers have shown that dynamic mechanical 
t e s t s are most s e n s i t i v e to the presence of la r g e c l u s t e r s . For t h i s 
reason, dynamic mechanical t e s t was performed using a computerized 
t o r s i o n pendulum (28). The frequencies v a r i e d from ca. 3 Hz f o r the 
glassy region to ca. 0.1 Hz f o r the low modulus region. The heating 
rate was u s u a l l y 0.6°C/min with a temperature c o n t r o l of ± 1°C. 

Results 

Figure 2 shows the shear storage modulus, G', the shear l o s s modulus, 
G", and tan 6 for the sample d r i e d at room temperature. The primary 
t r a n s i t i o n i s observed around -55°C and a well-defined rubbery p l a 
teau i s observed from -20 to 140°C. The r e s u l t s of the s t r e s s 
r e l a x a t i o n experiments at various temperatures, p l o t t e d as l o g E r ( t ) 
vs. t , are shown i n Figure 3. I t i s seen that the terminal portions 
of a l l the curves are indeed l i n e a r ; thus, the maximum r e l a x a t i o n 
time at each temperature, Tm, can be obtained from the slope of the 
curves. The maximum r e l a x a t i o n times are p l o t t e d as l o g T m vs. 1/T 
i n Figure 4. L i n e a r i t y i s observed w i t h i n experimental e r r o r over 
three orders of magnitude of time. The a c t i v a t i o n energy estimated 
from the slope of the curve i s 94 KJoul/mole. Figure 4 al s o shows 
the data f o r samples d r i e d at high temperature. I t i s seen that the 
slopes of the two sets of data are i d e n t i c a l . The p o s i t i o n of the 
pl o t f o r the sample dried at high temperature i s , however, much 
higher than f o r that d r i e d at a lower temperature. These p l o t s are 
very reminiscent of c l a s s i c a l r h e o l o g i c a l data from which k i n e t i c 
parameters of the i o n interchange process can be c a l c u l a t e d (29-33). 
The k i n e t i c data obtained f o r the ion-hopping r e a c t i o n of 3-arm s t a r 
PIB ionomer i s k = 7.11 χ 10 9 exp(-94,100/RT) f o r the sample d r i e d 
at room temperature and k = 6.90 χ 10 8 exp(-94,100/Rt) f o r the sample 
d r i e d at high temperatures. 
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Figure 2. V a r i a t i o n of the shear storage modulus, G 1, the shear loss 
modulus, G", and tan 6 f o r the sample d r i e d at room 
temperature. 
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F i g u r e 4. Maximum r e l a x a t i o n time (Tm) v s . 1000/T f o r samples d r i e d 
at room temperature (0) and at 140°C ( Φ ) . 
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Table I. Relevant parameters f o r 3-arm PIB s t a r ionomer. 

Parameter Symbol Value Method 
Molecular Weight 6,900 VPO 
F u n c t i o n a l i t y (Fn) 3.2 t i t r a t i o n 
Glass T r a n s i t i o n (Tg) -56°C DSC 
Temperature -55°C T.P. 

Table I I . Temperature dependence of Em and Mc f o r samples d r i e d at 
room temperature. 

Temperature Em e x p ( a ) M c e x p / M c C a l ( b ) 

(°C) (N/m2) 
61.4 1.05 χ 10 6 6,670 1.45 
82.7 1.34 c 5,560 1.21 

104.5 9.0 χ 10 5 8,780 1.91 
124.5 7.3 11,400 2.48 
138.2 7.4 11,600 2.52 
t"aJ· Mc e xP was obtained from the equation Em = 3pRT/Mc. 
(b). M c c a l w a s c a l c u l a t e d to be 4,600 (= 6,900 χ 2/3), assuming 

that a l l ions are present as quartets. 

Table I I I . Temperature dependence of Em and Mc f o r samples d r i e d 
at 140°C. 

Temperature Em M c e x p M c e x p / M c C a l 

(°C) (N/m2) 
93.3 4.95 χ 10 D 15,500 3.37 

102.7 4.2 18,700 4.07 
116.1 4.4 18,500 4.02 
120.4 4.3 19,200 4.17 
132.3 4.5 18,800 4.09 
133.0 3.5 24,300 5.28 
134.4 3.5 24,400 5.30 
136.1 2.2 39,000 8.48 

Discussion 

In the 3-arm s t a r PIB ionomers, most of the i o n i c aggregates should 
be m u l t i p l e t s due to the low ion content (2.4 mole %) (3-4). Figure 
2 shows only the shoulder f o r secondary t r a n s i t i o n i n the tan δ ?.urve 
(around 30°C); thus, only very small amounts of ions e x i s t as 
c l u s t e r s (35), i f they are present at a l l . Most of the ions are thus 
expected to e x i s t as small m u l t i p l e t s , i . e . quartets. Moreover, i t 
i s d i f f i c u l t f o r the molecules to flow due to network c r o s s l i n k s 
r e s u l t i n g from the presence of the t r i f u n c t i o n a l l i n k a g e s . As i s 
seen i n the G ? curve i n Figure 2, the well-defined rubbery plateau 
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extends over a wide temperature range, which i s reminiscent of a 
t y p i c a l c o v a l e n t l y c r o s s - l i n k e d rubber (36-37). In the present 
system, the modulus corresponding to the ultimate Maxweel element i s 
as large as K)6(N/m2), which i s consistent with the existence of 
c r o s s l i n k s rather than simply the entanglement of molecules. 

Table II shows the values of Em (the modulus corresponding to 
the ultimate Maxwell element), and Mc (the molecular weight of the 
network chain) f o r the samples dr i e d at a low temperature. I t i s 
c l e a r from the table that Mc e xP/Mc c a l i s l a r g e r than 1, which means 
that some of the 3-arm PIB ionomers function as d i f u n c t i o n a l poly
mers, i . e . some of the ions are present as free p a i r s . I t i s also 
seen that the higher the temperature, the more of the polymer chains 
act as d i f u n c t i o n a l u n i t s . This r e s u l t confirms that i o n i c 
aggregates are disrupted by in c r e a s i n g the temperature, a phenomenon 
fundamental to the use of these materials as thermoplastic e l a s t o 
mers. Moreover, t h i s r e s u l
(5-6) who showed that c l u s t e r
as the temperature i s increased

It was observed that drying the sample at high temperature 
increased the m and decreased Em, while AE a remained almost the same. 
The decrease i n Em suggests that annealing at high temperature may 
have l e d to some chemical degradation of the sample which i s fu r t h e r 
confirmed by Table I I I when one considers the values of M c c a l / M c e x P . 
For t h i s reason, the samples d r i e d at room temperature are considered 
most r e l i a b l e . 

In summary, i t i s shown that the 3-arm s t a r PIB ionomer i s 
us e f u l i n the study of ion-hopping k i n e t i c s . The polymer chains are 
cr o s s l i n k e d by covalent t r i f u n c t i o n a l linkages and i o n i c aggregate 
e x i s t mostly as m u l t i p l e t s i n the middle of the chains. The k i n e t i c 
constants f o r ion-hopping i n t h i s system are given by k = 7.11 χ 10^ 
exp(-94,100/RT). 
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Ion containing polymer

propylene-diene (EPDM
in the bulk, require ionic-plasticization for melt 
processing. It was found that a crystalline additive 
such as zinc stearate can strongly affect material 
properties in addition to being a highly effective 
ionic-plasticizer. Zinc stearate is compatible with 
sulfo-EPDM even at high loadings (over 30% by weight) 
and it enhances physical associations as reflected in 
mechanical properties and swelling characteristics. The 
morphological structure of zinc-stearate/sulfo-EPDM 
blends was investigated and zinc stearate was found to 
microphase separate into small crystallites (less than 
about 5000 angstroms) which act as a reinforcing f i l l er . 

Ion-containing polymers can develop strong a t t r a c t i v e networks even 
at low i o n i c content (1-4). Polymers which contain sulfonate groups 
n e u t r a l i z e d by metal counterions were shown to form p a r t i c u l a r l y 
strong networks (5). Considerable a t t e n t i o n was given to sulfonated 
Ethylene-Propylene-Diene (Sulfo-EPDM or S-EPDM) polymers, due to 
t h e i r elastomeric nature (6). The in c o r p o r a t i o n of sulfonate groups 
n e u t r a l i z e d by metal counterions i n EPDM can render materials which 
approximate a cross l i n k e d EPDM at lower temperature and can be melt 
processable at high temperature. This approach to a so c a l l e d 
thermoplastic elastomer i s d i f f e r e n t from previous approaches using 
block copolymers having hard and so f t segment such as i n poly-
urethanes (7), styrene-butadiene block copolymers, (8) or polyester 
block copolymers (9). 

In order to enable melt processing of ion containing polymers, 
such as S-EPDM, i t i s necessary to Introduce a mechanism that 
weakens the i o n i c i n t e r a c t i o n s . This can be achieved by the 
add i t i o n of a polar ingredient that would " p l a s t i c i z e " i o n i c domains 
at elevated temperatures only. A v a r i e t y of such i o n i c - p l a s t i c i z e r s 
were described by Makowski and Lundberg (10). A p a r t i c u l a r l y 
a t t r a c t i v e combination was found to be zin c stéarate with a zi n c 
s a l t of S-EPDM. I t was shown that f o r such a combination melt 
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rheology was indeed s u i t a b l e f o r melt processing and i n a d d i t i o n 
mechanical strength was h i g h l y enhanced (10,12). This also enabled 
f u r t h e r d i l u t i o n or h i g h l y extended compounds of S-EPDM with other 
ingredients (such as o i l s , f i l l e r s , and other polymers) to obtain 
thermoplastic elastomers of various p r o p e r t i e s . Many such compounds 
are described i n the patent l i t e r a t u r e (11) and an i n v e s t i g a t i o n of 
S-EPDM/Polypropylene blends was reported by Duvdevani, Agarwal and 
Lundberg (12). 

This paper attempts to f u r t h e r explore the m o d i f i c a t i o n of 
i o n i c a s s o c i a t i o n s by a c r y s t a l l i n e i o n i c p l a s t i c i z e r , such as zinc 
stéarate, at the s o l i d s t a t e . Mechanical p r o p e r t i e s , swelling be
havior, and morphological aspects were studied i n order to b e t t e r 
understand the r o l e of such c r y s t a l l i n e polar a d d i t i v e s . 

Experimental 

M a t e r i a l s and Preparation 

A zinc s a l t of sulfonated EPDM (Zn-S-EPDM) was prepared i n our lab 
according to methods discussed i n e a r l i e r p u b l i c a t i o n s (6,13). The 
Zn-S-EPDM used i n the present study was designated TP-303 and i t had 
a backbone containing about 55 wt% ethylene, 40 wt% propylene, and 5 
wt% diene (ENB) with a weight average molecular weight of about 
90,000 and a Mw/Mn r a t i o i n the range of 2-2.5. I t was sulfonated 
to a l e v e l of about 30 m i l l i - e q u i v a l e n t s per 100g (about 1 mole 
% ) . A general d e s c r i p t i o n of Zn-S-EPDM i s depicted i n Figure 1. 
The zinc ions may be balanced by a combination of sulfonate and 
acetate groups since a 100% molar excess of zinc acetate was used 
fo r n e u t r a l i z a t i o n i n order to assure complete n e u t r a l i z a t i o n . 

A t e c h n i c a l grade of z i n c stéarate was used f o r preparing 
blends of the Zn-S-EPDM with zinc stéarate. Such t e c h n i c a l grades 
contain about 90% stéarate. The mixing was done both by i n t e r n a l 
mixers (Brabender or Banbury) and by m i l l mixing at about 150-200°C, 
y i e l d i n g e s s e n t i a l y i d e n t i c a l r e s u l t s as explained below. The z i n c 
stéarate l e v e l (based on the t e c h n i c a l m a t e r i a l ) was va r i e d from 0 
to 50g of z i n c stéarate per 100g S-EPDM (or 0-33.3 wt%). M a t e r i a l s 
were designated 303-0 to 303-50 i n d i c a t i n g TP-303 (Zn-S-EPDM) and 
the l e v e l of zinc stéarate i n parts per 100 parts of TP-303. 
Samples were prepared by compression molding at 150°C. 

Mixing zinc stéarate with Zn-S-EPDM i s not as c r i t i c a l as 
blending two high molecular weight i n g r e d i e n t s . This i s due to the 
s o l u b i l i t y of molten zinc stéarate i n p o l y o l e f i n s such as EPDM. I t 
should be noted that when zin c stéarate i s melt mixed in t o EPDM, 
co m p a t i b i l i t y i s evident during the mixing process. However, a f t e r 
c o o l i n g to ambient temperatures zinc stéarate tends to bloom out of 
the blend and s e t t l e on the surface. On the other hand, there was 
no such blooming out of the Zn-S-EPDM blends even at the highest 
loading of zinc stéarate. This aspect was also part of the study 
presented here. 
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Measurements 

Mechanical properties ( s t r e s s - s t r a i n ) were measured on an Instron 
t e s t e r at a cross head speed of 10 mm/min. Dumbbells shaped samples 
were cut with a die and had an 8 mm test length and a thickness of 
no more than 0.5mm. A d d i t i o n a l d e t a i l s may be found i n the t h e s i s 
work of one of the coauthors (C. W. C.) (14). 

Swelling measurements were done In heptane. Disc shaped 
samples of about 0.5 mm i n thickness which were immersed i n heptane 
were weighed p e r i o d i c a l l y a f t e r wiping a l l l i q u i d from the sample 
surface. Results were converted to volume swell i n percent. 

Scanning-transmission e l e c t r o n microscope measurements were 
done on microtomed or razor cut samples, without s t a i n i n g . 

D i f f e r e n t i a l scanning calorimetry measurements were done i n a 
Perkin-Elmer DSC-2 calorimeter at a scanning rate of 20 °C per 
minute. 

Results and Discussion 

The i n t r o d u c t i o n to t h i s paper o u t l i n e d the need f o r a polar 
a d d i t i v e to S-EPDM fo r melt processing. I t should be s e l f evident 
that i f such an a d d i t i v e prevents good network formation at the use 
temperature, the material properties could d e t e r i o r a t e to those of 
the backbone alone (with no i o n i c groups). This would be equivalent 
to a reduction i n sulfonate content as was shown by Agarwal, 
Makowski and Lundberg (15). One needs, therefore, to f i n d a polar 
a d d i t i v e that could destroy or weaken the network at melt processing 
temperatures but would enable re-establishment of networks at use 
temperatures. A convenient way of doing just that i s the use of a 
polar m a t e r i a l which i s h i g h l y c r y s t a l l i n e as are some of the 
stéarates and p a r t i c u l a r l y z i n c stéarate. Such a polar a d d i t i v e i s 
indeed a h i g h l y e f f e c t i v e agent f o r melt v i s c o s i t y reduction as 
shown by the various workers mentioned i n the i n t r o d u c t i o n . On the 
other hand, the strong tendency of a h i g h l y c r y s t a l l i n e m aterial as 
z i n c stéarate to c r y s t a l l i z e below i t s melting point, helps to 
remove most of the a d d i t i v e from s h i e l d i n g the i o n i c groups which 
can then r e - e s t a b l i s h the network. The added advantages, as 
mentioned above, are the non migratory behavior of z i n c stéarate i n 
Zn-S-EPDM and the property enhancements. This i s what w i l l be 
discussed here i n view of the recent measurements. 

It was previously shown by Wagener and Duvdevani (16) that z i n c 
stéarate incoporated i n t o Zn-S-EPDM e x i s t s In the blend i n a h i g h l y 
c r y s t a l l i z e d form. Figure 2 shows that the wide angle x-ray pattern 
i n a f i b e r which i s melt spun out of a 303-50 blend i s e s s e n t i a l l y 
that of the z i n c stéarate powder pattern. Figure 3 shows that the 
DSC thermogram of 303-50 i s a l s o very close to that of z i n c stéarate 
while 303-0 shows no endothermic peaks. The x-ray studies as w e l l 
as DSC studies shown i n Figure 4 i n d i c a t e that the c r y s t a l l i n e 
s tructures are purer or l a r g e r as the z i n c stéarate loading i n the 
blend increases. This can be seen from melting point s h i f t s and 
peak width i n the DSC thermograms or the sharpness of the x-ray r i n g 
patterns. I t was also shown by Wagener and Duvdevani that z i n c 
stéarate can o r i e n t i n a strecthed f i b e r and that the o r i e n t a t i o n 
relaxes slowly under load (Figure 5). 
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Figure 1· General representation of a Zinc-Suifo-EPDM 
molecule (Zn-S-EPDM). 

Figure 2. Wide Angle X-ray (WAXS) pattern of 303-50 extruded 
f i b e r ( r i g h t ) and of zinc stéarate powder ( l e f t ) (adapted 
from Ref. 16). 
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Figure 3. D i f f e r e n t i a l scanning thermograms of 303-0, 303-50 
and z i n c stéarate powder i n a second melting pass* 

Figure 4· D i f f e r e n t i a l scanning thermograms of Zn-S-EPDM with 
various loadings of zinc stéarate* 
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Properties 

In t h i s i n v e s t i g a t i o n we c a r e f u l l y studied the s t r e s s s t r a i n 
c h a r a c t e r i s t i c s as a function of z i n c stéarate loading and aging. 
Figure 6 compares s t r e s s - s t r a i n behavior of 303-0, 303-50 and the 
vulcanized EPDM backbone. It can be seen that 303-0 i s s t i f f e r and 
stronger than a vulcanized backbone due to the formation of a denser 
network by i o n i c a s s o c i a t i o n than by s u l f u r c r o s s - l i n k i n g . A large 
number of s i t e s on d i f f e r e n t chains can be aggregated i n an i o n i c 
" c r o s s - l i n k " while only two s i t e s are connected i n s u l f u r v u l c a n i 
z a t i o n . This point was previously explained by Agarwal and co
workers (15) f o r the case of S-EPDM. Figure 6 a l s o shows a large 
increase i n modulus obtained by the a d d i t i o n of z i n c stéarate. 
Figure 7 shows the stress s t r a i n behavior as a f u n c t i o n of z i n c 
stéarate l e v e l f o r well aged samples while Figure 8 shows the e f f e c t 
of sample aging f o r n
z i n c stéarate. From thes
modulus changes s i g n i f i c a n t l y y y g
l e v e l but by aging as w e l l . This i n d i c a t e s that zinc stéarate acts 
more than just a f i l l e r and that a strong r e i n f o r c i n g mechanism sets 
up with time. However, since aging e f f e c t s were more pronounced 
wi t h i n the z i n c stéarate containing systems, the time dependent 
behavior may also be due to some a d d i t i o n a l c r y s t a l l i z a t i o n of the 
a d d i t i v e . The reinforcement properties of zinc stéarate i n Zn-S-
EPDM are comparable to those of the hard phase i n segmented poly-
urethanes and much higher than simple f i l l e r s as shown i n Figure 
10. The lower four curves i n Figure 10, urethane and s a l t (17), 
d i s c s p h e r u l i t e s i n a rubbery matrix (18) and glass beads i n rubber 
(19) are representing d i s c r e t e p a r t i c l e f i l l e r s dispersed i n a 
matrix. Such behavior can be predicted by various models suggested 
i n the l i t e r a t u r e l i k e those of Kerner (20) and of Guth (21) and 
Smallwood (22). However, i n the case of w e l l aged samples of z i n c 
stéarate i n Zn-S-EPDM the behavior i s c l o s e r to the segmented poly-
urethane case were the hard phase i s chemically l i n k e d to the s o f t 
p o r t i o n s . I t i s a l s o close to the r e i n f o r c i n g behavior of small 
s i z e , surface a c t i v e f i l l e r s such as carbon blacks and fumed s i l i c a 
or to the upper urethane curve i n Figure 10 which i s a blend with 
0.1 micron s i z e f i l l e r , (compared to 15 microns f o r the s a l t i n the 
curve below i t ) . This behavior i s above that predicted by a s e r i e s 
model or some of the other models such as mentioned above. I t 
a c t u a l l y comes much c l o s e r to the behavior of a continuous hard 
phase rather than a dispersed one. 

I t i s necessary to c l a r i f y that e l a s t i c p r operties beyond the 
range of low s t r a i n or low s t r e s s are somewhat de t e r i o r a t e d by the 
a d d i t i o n of z i n c stéarate, as i s the case with other r e i n f o r c i n g 
f i l l e r s . Since a p o s s i b i l i t y of "ion-hopping" or " i n t e r a c t i o n -
hopping" can e x i s t i n a " p h y s i c a l c r o s s - l i n k , " higher s t i f f n e s s 
which brings about higher stresses f o r s i m i l a r s t r a i n s can 
a c c e l e r a t e the "hopping" process. This can be seen i n Figures 11 
and 12 d e s c r i b i n g elongation set and s t r e s s r e l a x a t i o n as a f u n c t i o n 
of zinc stéarate loading. The amount of elongation set at a given 
s t r a i n i s higher at higher loadings but so i s the s t r e s s . However, 
i n s p i t e of a sharp stress r e l a x a t i o n with high zinc stéarate load 
ings, the stress l e v e l which the material can s u s t a i n at longer time 
and at a given s t r a i n (100% i n the case shown i n Figure 12) i s s t i l l 
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Figure 5. Wide angle x-ray (WAXS) pattern of a 303-50 f i b e r 
a f t e r i t was: (a) stretched to 200% elongation and kept under 
s t r a i n f o r the WAXS experiment, (b) A f t e r 14 days at 200%, (c) 
unloaded from 200% s t r a i n and allowed to relax, ( a f t e r Wagener 
et a l (16)). 

τ 1 1 Γ 

500 
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Figure 6. Engineering s t r e s s - s t r a i n at ambient conditions of 
303-0, 303-50 and of the s u l f u r vulcanized EPDM backbone. ASTM 
die C samples were stretched at 20 in./min. 
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Figure 7· Engineering s t r e s s - s t r a i n at ambient conditions of 
Zn-S-EPDM samples with various loading l e v e l s of zin c stéarate 
(see text f o r sample s i z e ) * 
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Figure 8. Engineering s t r e s s - s t a i n at ambient condition of 
303-0 and 303-50 a f t e r various aging times. 
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Figure 9· Young's modulus of 303-0 and 303-50 vs. aging time 
at ambient cond i t i o n s . 

Figure 10. Normalized modulus of Zn-S-EPDM f i l l e d with zinc 
stéarate compared to other f i l l e d elastomers and segmented 
polyuretane. 
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Figure 11. Elongation set of Zn-S-EPDM with various loading 
l e v e l s of zin c stéarate as a fu n c t i o n of s t r a i n l e v e l at 
ambient co n d i t i o n s . 

Figure 12. Stress r e l a x a t i o n of Zn-S-EPDM with various loading 
l e v e l s of zin c stéarate at a s t r a i n l e v e l of 100% and at 
ambient conditions. 
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higher with higher loadings. This, therefore, is also indicative of 
a strong interaction between zinc stéarate and Zn-S-EPDM even under 
stress as was found in the x-ray studies of Wagener mentioned above. 

An additional measure of the highly reinforcing properties that 
zinc stéarate develops in Zn-S-EPDM was found by swelling be
havior. Figure 13 shows volume swell vs time of aged samples con
taining none, 20 and 50 parts per hundred of zinc stéarate in 
heptane. The slow process of swelling seen in these curves is not 
due to slow solvent diffusion since thin samples of vulcanized EPDM 
swelled to equilibrium in heptane within 1 hour. The slow swelling 
indicates a very slow "ion-hopping" process under the low stresses 
developed by osmotic pressure. 

The swelling data is summarized in Table 1: 

Table 1. Percent Volum

Material At 45 min. At Equilibrium 
(over 6,000 hrs.) 

303-0 160 960 

303-20 110 770 

303-50 66 2, 901 370 

Vulcanized Backbone 180-200 180-200 

1 2 Freshly molded samples. Aged samples. 

This data confirms the strong reinforcing properties imparted by 
zinc stéarate, such that at short swelling times 303-50 had a much 
denser apparent network then the vulcanized backbone. At e q u i l i 
brium, 305-50 seems to have a much denser network than 303-0 or 303-
20. This is so even when the data is corrected for the volume of 
zinc stéarate which is not swellable in heptane. When this 
correction is applied the volume percent based on rubber for 303-50 
is about 500% at equilibrium which is s t i l l significantly less than 
that of 303-0. Also, i t is interesting to note that when 303-0 was 
blended with fumed s i l i c a the swelling results were similar to those 
of the zinc stéarate f i l l e d Zn-S-EPDM. Fumed s i l i c a is indeed a 
strong reinforcing f i l l e r but i t also raises melt viscosity of Zn-S-
EPDM significantly in contrast to zinc stéarate. 

There is a slight difference between freshly molded samples and 
aged samples in swelling behavior. The freshly molded samples 
approached equilibrium somewhat faster but i t was not noted in very 
short time measurements, except for 303-50 as indicated in Table 
1. It is likely, therefore, that interactions between zinc stéarate 
and sulfonate moieties develop rather rapidly after quenching the 
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melt but a high loading of zinc stéarate which makes a large 
d i f f e r e n c e i n the behavior somewhat prolongs the i n i t i a l process. 

Morphology 

In a d d i t i o n to the i d e n t i f i c a t i o n of the c r y s t a l l i n e nature of zinc 
stéarate i n Zn-S-EPDM as discussed above, we attempted to i d e n t i f y 
the s i z e and l o c a t i o n of these c r y s t a l s i n the polymer matrix. Zinc 
stéarate powder p a r t i c l e s tend to be f a i r l y large as can be seen 
from the SEM micrograph shown i n Figure 14. These p a r t i c l e s seem to 
be t h i n f l a k e s with an o v e r a l l s i z e of a few micrometers. It i s 
obvious that the c r y s t a l s i n the Zn-S-EPDM matrix are not as large 
since the materials are f a i r l y c l e a r even at the 50 parts per 
hundred loading. On the other hand, i t i s expected that the 
c r y s t a l s should be on the order of at l e a s t 200 angstroms long since 
there i s a c l e a r r i n g  (se  2 ) 
which requires a few u n i
stéarate c r y s t a l from th
of approximately 8.3 χ 5.9 χ 45 angstroms. Therefore, we attempted 
a few e l e c t r o n microscopy techniques to i d e n t i f y these c r y s t a l s . 

An SEM micrograph of 303-50 f r a c t u r e d i n l i q u i d nitrogen i s 
shown i n Figure 15. Here we could i d e n t i f y some crat e r s which are 
about 0.1 micrometers i n s i z e . These can be suspected as p o s s i b l e 
s i t e s of z i n c stéarate c r y s t a l s but there i s no c l e a r evidence f o r 
t h i s . The most f r u i t f u l technique proved to be that of 
Scanning/Transmission E l e c t r o n Microscopy with x-ray a n a l y s i s . Such 
STEM micrographs are shown i n Figures 16 and 17. When a sample of 
303-0, which has no zinc stéarate i s inspected as i n Figure 16, one 
may recognize 4 t y p i c a l areas marked i n the f i g u r e as A-D. Some of 
the large p a r t i c l e s here are s i m i l a r to what was previously found by 
Agarwal and P r e s t r i d g e (23) and by Handlin (24) using TEM micro
graphy. From i n s p e c t i n g peak hight r a t i o s of s u l f u r , z i n c and 
calcium i n the x-ray spectra obtained f o r the STEM of Figure 16, i t 
can be concluded that area A i s d i f f e r e n t from B, C and D. Area A 
has a very large r a t i o of s u l f u r and calcium and seems to be an 
inhomogenious area since the rest of the area represented by B, C 
and D have s i m i l a r r a t i o s apparently representative by zinc s u l 
fonate with various density of such groups. Area A could be due to 
calcium s u l f a t e p a r t i c l e s that can only be found i n the sample i n 
frequently. Figure 17 i s a STEM micrograph of 303-50 where the 
major dark areas are r i c h i n zinc i n d i c a t i n g z i n c stéarate areas. 
The very few specs of very dark areas are r i c h i n zinc and s u l f u r 
and could be z i n c s u l f a t e . From Figure 17, i t seems that zinc 
stéarate p a r t i c l e s are h i g h l y d i s t r i b u t e d i n s i z e ranging between a 
few hundred and a few thousand angstroms. This s i z e range i s large 
enough f o r obtaining the x-ray pattern which was observed and small 
enough f o r causing some t u r b i d i t y . 

I t should be noted that Handlin (24) inspected microtomed 
samples of a s i m i l a r Zn-S-EPDM modified with z i n c stéarate, by 
TEM. The micrographs obtained by Handlin contain dark twisty 
streaks which he a t t r i b u t e d to z i n c stéarate c r y s t a l s . He concluded 
therefore that the z i n c stéarate appeared to form t h i n f l a k e s of 
l a m e l l a r c r y s t a l s about 50 angstroms t h i c k with large l a t e r a l 
dimensions of up to s e v e r a l micrometers. Such a morphology would 
provide a very large surface to volume r a t i o with many possible 
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Figure 13. Volume swell i n percent f o r aged samples of 303-0, 
303-20 and 303-50 i n heptane at ambient c o n d i t i o n as a f u n c t i o n 
of time. Values which appeared to l e v e l o f f a f t e r 6,000 hours 
are i n d i c a t e d at r i g h t . 

Figure 14. Scanning e l e c t r o n micrograph (SEM) of z i n c stéarate 
powder ( t e c h n i c a l ) . 
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Figure 15. Scanning e l e c t r o n micrograph (SEM) of a 303-50 
surface obtained a f t e r f r a c t u r i n g i n l i q u i d n i t r o g e n . 

Figure 16. Scanning-transmission e l e c t r o n micrograph (STEM) of 
a t h i n f i l m of 303-0 with no s t a i n i n g . 

In Coulombic Interactions in Macromolecular Systems; Eisenberg, A., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



198 COULOMBIC INTERACTIONS IN MACROMOLECULAR SYSTEMS 

s i t e s f o r i n t e r a c t i o n s between the z i n c stéarate and the ion 
containing regions of the polymer as i s suggested below. 

Conclusions 

From the various data reviewed and presented here, i t i s evident 
that a c r y s t a l l i n e polar a d d i t i v e such as z i n c stéarate acts as 

• A good " i o n i c p l a s t i c i z e r " i n the melt 
• A strong " r e i n f o r c i n g f i l l e r " i n the s o l i d s t a t e , p a r t i 

c u l a r l y a f t e r aging. 

Figure 17. Scanning-transmission e l e c t r o n micrograph (STEM) of 
a t h i n f i l m of 303-50 with no s t a i n i n g . The magnified 
micrograph corresponds to the area i n d i c a t e d on the lower 
magnification micrograph on the r i g h t . 

I t was a l s o shown that stress relaxes f a s t e r with high loadings of 
zi n c stéarate but zinc stéarate loadings do help to support higher 
s t r e s s l e v e l s a f t e r long r e l a x a t i o n periods. 

These mechanical data along with the x-ray and e l e c t r o n micro
scopy data could suggest strong i n t e r a c t i o n between small z i n c 
stéarate c r y s t a l s on preferred c r y s t a l planes. One such model i s 
shown i n Figure 18. From the x-ray data the long unit c e l l dimen
sion of zinc stéarate i s placed at 90° to the s t r e s s a x i s . Stress 
r e l a x a t i o n can take place through " i n t e r a c t i o n hopping" but the 
o v e r a l l existance of i n t e r a c t i o n with f i l l e r p a r t i c l e s i s s t i l l able 
to contribute towards support of higher stress l e v e l s . The model 
presented i n Figure 18 should be viewed as suggestive and more work 
i s needed to c l a r i f y the exact morphological s i t u a t i o n . 
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ZnSt 2 

Relaxed Deformed 

Figure 18. A proposed morphological representation of z i n c 
stéarate c r y s t a l s i n t e r a c t i n g with Zn-S-EPDM molecules under 
relaxed and deformed s t a t e s . I n t e r a c t i o n s occur between 
sulfonated s i t e s on the polymeric backbone and polar s i t e s on 
the surface of the c r y s t a l s . 
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Solution Behavior of Metal-Sulfonate Ionomers 

R. D. Lundberg1 and R. R. Phillips2 

1Exxon Chemical Company, Linden, ΝJ 07036 
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Annandale, NJ 08801 

Studies on the dilute solution behavior of sulfonated 
ionomers have shown these polymers to exhibit unusual 
viscosity behavior in solvents of low polarity. These 
results have been interpreted as arising from strong 
ion pair associations in low polarity diluents. Sol
vents of higher polarity, such as dimethyl sulfoxide 
and dimethyl formamide induce classic polyelectrolyte 
behavior in sulfonate ionomers even at very low sul
fonate levels. To a first approximation these two 
behaviors, ion pair interactions or polyelectrolyte 
behavior, are a consequence of solvent polarity. Intra
molecular association of Lightly Sulfonated Polystyrene 
(S-PS) results in a reduced viscosity for the ionomer 
less than that of polystyrene precursor at low polymer 
levels. Inter-association enhances the reduced vis
cosity of the ionomer at higher polymer concentrations. 
Isolation of the intra- and inter-associated species 
of S-PS has been attempted (via freeze drying). A 
comparison of selected properties reveals significant 
differences for these two conformations. 

During the past 20 years, there have been many p u b l i c a t i o n s and 
patents d e s c r i b i n g the i n f l u e n c e of i o n i c groups pendant to a 
hydrocarbon polymer chain on polymer p r o p e r t i e s (1-4). The presence 
of as l i t t l e as 1 mol % of metal carboxylate or metal sulfonate 
groups can have an e s p e c i a l l y profound influence on the melt v i s 
c o s i t y of polymers whose backbones are comprised l a r g e l y of ethylene 
or styrene repeat u n i t s . Other p h y s i c a l p r o p e r t i e s as well as 
polymer s o l u t i o n behavior are s i m i l a r l y a l t e r e d (5-7). The i n f l u 
ence of these i o n i c groups on polymer p r o p e r t i e s i s generally 
a t t r i b u t e d to the a s s o c i a t i o n of ion p a i r s r e s u l t i n g i n an e f f e c t i v e 
network at s u f f i c i e n t l y high i o n i c l e v e l s and high polymer concen
t r a t i o n . 

0097-6156/ 86/0302-0201 $06.00/ 0 
© 1986 American Chemical Society 

In Coulombic Interactions in Macromolecular Systems; Eisenberg, A., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



202 COULOMBIC INTERACTIONS IN MACROMOLECULAR SYSTEMS 

The nature of the ion p a i r aggregates has been examined i n some 
d e t a i l i n p u b l i c a t i o n s by s e v e r a l authors. S p e c i f i c models have 
been proposed to describe the nature of the ion p a i r aggregates 
(&> .2)> a n d a number of studies have been conducted to elucidate 
the s i z e and morphology of these aggregates experimentally (1, 10). 
While there has been some ambiguity concerning the nature of these 
i o n - r i c h phases, there i s s u b s t a n t i a l evidence to suggest that they 
do e x i s t . Their s i z e and molecular arrangement are s t i l l open to 
question. 

Recent studies i n our l a b o r a t o r i e s have been concerned with the 
p h y s i c a l p roperties of sulfonated ionomers such as sulfonate 
ethylene/propylene/ethylidene norbornene terpolymers (4), or 
l i g h t l y sulfonated polystyrene (S-PS)(11). These ionomers e x h i b i t 
pronounced ion p a i r a s s o c i a t i o n (at s u l f o n a t e l e v e l s _> 15 m i l l i -
equivalents/100 g polymer) to a degree that they appear c r o s s l i n k e d 
c o v a l e n t l y . These i n t e r a c t i o n
of a p o l a r a d d i t i v e , thereb
indeed p h y s i c a l and do not a r i s e due to covalent c r o s s l i n k i n g . 

Several studies (6, 13) of the s o l u t i o n behavior of sulfonate i o n 
omers have provided a d d i t i o n a l i n s i g h t on the nature of the ion p a i r 
aggregation. The p o l a r i t y o f the solvent environment has been shown 
to have a major i n f l u e n c e on the d i l u t e s o l u t i o n behavior of these 
polymers. In the course of these studies i t has been observed with 
s e l e c t e d systems that both melt v i s c o s i t y values and s o l u t i o n 
behavior can vary according to the h i s t o r y of sulfonate ionomers. 
This study provides some data and provides one r a t i o n a l e f o r such 
d i f f e r e n c e s . 

EXPERIMENTAL 

The synthesis of l i g h t l y s ulfonated polystyrene or S-PS has been 
described i n several p u b l i c a t i o n s and patents (5̂ , j6) . In the 
current study only the sodium s a l t o f S-PS has been i n v e s t i g a t e d . 
The d e t a i l s of s p e c i f i c i s o l a t i o n procedures have been described 
i n those references and are summarized i n the Results s e c t i o n . 
The melt v i s c o s i t y measurements were conducted i n a melt index 
rheometer under conditions which have been p r e v i o u s l y described. 
The s t a r t i n g polystyrene employed i n these studies was a commercial 
homopolymer designated as Styron 666 marketed by the Dow Chemical 
Company. This polymer had an i n t r i n s i c v i s c o s i t y of 0.80 i n toluene 
at 25°C, a number average molecular weight of 106,000 (as estab
l i s h e d by gel permeation chromatography). S u l f o n a t i o n / n e u t r a l i z a -
t i o n r e a c t i o n s were conducted as described i n various p u b l i c a t i o n s 
(4). On the basis of a v a i l a b l e data from GPC and i n t r i n s i c v i s c o s 
i t y measurements, we conclude that the s u l f o n a t i o n / n e u t r a l i z a t i o n 
process has no s i g n i f i c a n t e f f e c t on the backbone molecular weights 
at l e a s t f o r polystyrenes having s u l f o n a t i o n l e v e l s below about 3 
mole percent. 

In one system a narrow molecular weight d i s t r i b u t i o n product 
(obtained from Polysciences) was used. This product had M n = 220,000 
and Mw/Mn = 1.06. The r e s u l t s described were those obtained with 
commercial polystyrene unless otherwise i n d i c a t e d . 
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The d i l u t e s o l u t i o n v i s c o s i t y measurements were conducted using 
Ubbelohde viscometers generally conducted at 25 + 0.05°C i n a thermo-
stated bath. The reduced v i s c o s i t y or v i s c o s i t y number [defined as 
(η-η 0)/n oc, where η i s the v i s c o s i t y of the polymer s o l u t i o n , 1Ί0 i s 
the v i s c o s i t y of the solvent (or mixed s o l v e n t ) , and c i s the concen
t r a t i o n of polymer i n g/100 mL] was c a l c u l a t e d f o r each s o l u t i o n 
measured. 

RESULTS 

I. D i l u t e S o l u t i o n Behavior of S-PS 

L i g h t l y sulfonated polystyrene i s so l u b l e i n mixed solvent systems, 
such as xylene containing low l e v e l s of al c o h o l s , or i n moderately 
polar s o l v e n t s . In low p o l a r i t y solvents the v i s c o s i t y of such 
ionomer s o l u t i o n s can b  s u b s t a n t i a l l  highe  tha  polystyren f 
comparable molecular weigh
t r a t i o n s >1% as shown i

Table I. V i s c o s i t y (centipoise) of 1.7 Mol % S-PS and 
Polystyrene i n Solvent Mixture (Xylene + 3% Hexanol) 

1.7 Mol % SPS (Na s a l t ) Polysty rene 
Concentration, % V i s c o s i t y , cp Concentration, % V i s c o s i t y , cp 

23 275 
17.5 102 
10 24 

5 2,066 5 6.2 
3 162 3 3.3 
2 6 2 2.0 
1 1.3 1 1.2 
0.5 0.87 0.5 0.9 
0.25 0.72 0.25 0.76 
0.125 0.68 0.125 0.70 

The e f f e c t of polar a d d i t i v e s i s to moderate the ion p a i r associa
t i o n s . This i n f l u e n c e of pol a r cosolvents can be described as a 
s p e c i f i c s o l v a t i o n of the metal c a t i o n groups by more polar species 
and can be viewed as to a f i r s t approximation as a simple e q u i l i b r i u m 
(6). 

ROH + (P - SO'Na+^^zzz^ROH: Na^SO" - P) 

While t h i s e q u i l i b r i u m ignores the polymer backbone and the majority 
of the solvent system, i t does p r e d i c t many c h a r a c t e r i s t i c s of metal 
sulfonate ionomers i n hydrocarbon s o l u t i o n . 

Moderately p o l a r solvents such as tetrahydrofuran are also e f f e c t i v e 
f o r SPS up to a sulfonate l e v e l of about 5 mole % i n the case of the 
sodium s a l t (7). A comparison of the reduced v i s c o s i t y - c o n c e n t r a t i o n 
p r o f i l e s of S-PS at various sulfonate l e v e l s i s compared with that of 
the PS precursor (Figure 1 ) . I t i s evident that there i s a regular 
progression i n Reduced V i s c o s i t y as a function of sulfonate content 
tfith i n c r e a s i n g values at higher sulfonate l e v e l s observed at higher 
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concentrations ( ~ 2 % ) . Conversely the higher sulfonated l e v e l s i n 
SPS lead to lower v i s c o s i t y values at low polymer l e v e l s . This 
behavior i s r e a d i l y r a t i o n a l i z e d as being a consequence of i n t r a -
a s s o c i a t i o n s at lower polymer l e v e l s and i n t e r - a s s o c i a t i o n s at the 
higher polymer concentrations. Analogous behavior i s observed i n 
hydrocarbon solvents or those containing low l e v e l s of polar 
cosolvents. 

One i m p l i c a t i o n of Figure 1 r e l a t e s to polymers containing higher 
l e v e l s of metal sulfonate groups. It might be expected that such 
polymers might provide homogeneous gels at high polymer l e v e l s and 
yet d i s p l a y phase separation upon d i l u t i o n . Such behavior i s o f t e n 
observed f o r metal sulfonate ionomers i n hydrocarbon or hydrocarbon-
a l c o h o l solvent systems. 

Few studies have been conducte
solvents which can be considere
high d i e l e c t r i c constant
m e t h a l l y l sulfonate copolymers i n dimethyl-fοrmamide i s a notable 
exception. S-PS i s r e a d i l y s o luble i n a wide v a r i e t y of solvents, 
some of them e x h i b i t i n g rather high values of d i e l e c t r i c constant, 
such as dimethylformamide (DMF) or dimethylsulfoxide (DMSO). The 
reduced v i s c o s i t y - c o n c e n t r a t i o n behavior of sulfonated polystyrene 
i s markedly d i f f e r e n t i n polar solvents from that i n nonpolar-
solvent systems. T y p i c a l l y there i s a marked upsweep i n reduced 
v i s c o s i t y at low polymer concentrations and c l e a r l y a manifestation 
of c l a s s i c p o l y e l e c t r o l y t e behavior. (7) 

T y p i c a l p o l y e l e c t r o l y t e behavior has been observed i n several 
solvents of moderate to high p o l a r i t y as described i n Table I I . I t 
i s c l e a r that i n low p o l a r i t y solvents i o n - p a i r a s s o c i a t i o n pre
v a i l s , while with high p o l a r i t y solvents p o l y e l e c t r o l y t e behavior 
i s observed. With solvents of intermediate p o l a r i t y e i t h e r behavior 
can be observed suggesting s p e c i f i c s o l v a t i o n e f f e c t s . 

Table I I . R e l a t i o n o f D i e l e c t r i c Constant and D i l u t e - S o l u t i o n 
Behavior (2) 

D i e l e c t r i c P o l y e l e c t r o l y t e 
Solvent Constant Behavior? 

Dimethylsulfoxide 46.7 Yes 
Dimethylformamide 36.7 Yes 
Cyclohexanone 18.2 No 
Ethylene g l y c o l monomethyl ether 16.9 Yes 
(2-metho xye thano1) 

Tetrahydro furan 7.6 No 
Dioxane 2.2 No 
Source: Reproduced with permission from Ref. 7. Copyright 1982 
J . Polym. S c i . , Polym. Phys. Ed. 

While solvents such as THF and Dioxane e x h i b i t ion p a i r a s s o c i a t i o n 
with sulfonate ionomers, the a d d i t i o n of more polar cosolvents can 
have a marked e f f e c t on the reduced v i s c o s i t y - c o n c e n t r a t i o n pro
f i l e s . For example,- Figure 2 i l l u s t r a t e s the influence of varying 
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4r 1 1 1 

Figure 1. Reduced v i s c o s i t y - c o n c e n t r a t i o n r e l a t i o n s h i p s of 
PS and S-PS of d i f f e r e n t sodium styrene sul fonate l e v e l s i n 
t e t r a h y d r o f u r a n . Reproduced with permiss ion from Ref. 7. 
Copyright 1982 J . Polym. S c i . , Polym. Phys. E d . 

F igure 2. Reduced v i s c o s i t y - c o n c e n t r a t i o n r e l a t i o n s h i p s for 
S-PS i n t e t rahydrofuran c o n t a i n i n g v a r i o u s l e v e l s of 
methanol . The S-PS contained 4.2 mole percent sodium 
su l fonate groups. 
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amounts of methanol on S-PS of 4.2 mole percent of sodium sulfonate 
content. At methanol contents of 40 volume percent the intrinsic 
viscosity of S-PS is quite similar to that of the unfunctionalized 
polystyrene. To a f i r s t approximation, Figure 2 at varying 
cosolvent levels is similar to Figure 1 with varying sulfonate 
levels. In effect both curves display the influence of varying 
degrees of ionic association for ionic groups pendant to a common 
backbone. 

The influence of small amounts of water as a cosolvent for THF 
solutions is shown in Figure 3. At water contents of 3% or less 
the reduced viscosity-concentration profiles are similar to Figure 2. 
However, increasing water levels induces an upsweep in reduced vis
cosity at low polymer concentrations typical of polyelectrolyte 
behavior. This behavior has been observed in other mixed solvent 
systems and is clearly a consequence of specific cation solvation 
effects. Sodium23-NMR studie
sodium cations at least
levels and the data in Figures 2 and 3 are consistent with those 
findings. 

II. Relation of Solution Properties and Bulk Polymer Viscosity 

To a very rough approximation the concentration where reduced vis
cosity-concentration plots of S-PS and PS intersect in solvents 
where ion pair associations prevail can be viewed as that concen
tration where polymer coils overlap, corresponding to C* (Figure 4). 
In effect, these studies suggest that S-PS exists in two different 
conformations at different polymer concentrations. Furthermore, the 
very strong associations which can prevail in these systems could 
preclude a rapid interchange between the two species under certain 
conditions. It can be argued that ±f_ polymer conformation w i l l 
control polymer properties for ionomers, then a difference in 
physical property behavior might be expected for a material isolated 
at low polymer concentrations as compared to the same material iso
lated from high polymer concentrations (i.e., » C*). 

Typically conventional polymer isolation procedures do not permit 
product isolation within a specific concentration region; however, 
under certain conditions the operation of freeze drying ionomer 
solutions would be expected to offer this option. Thus, freeze 
drying of S-PS at two different concentrations (0.3 and 4.0 weight 
percent polymer) from appropriate solvents should offer two differ
ent polymer species. This hypothesis, of course, assumes that once 
solutions of this polymer are frozen, the polymer conformations w i l l 
be "locked i n " at those concentrations, or the normal changes which 
might occur under other conditions of polymer isolation w i l l be 
minimized. 

A practical freeze-drying approach with S-PS requires a suitable 
solvent which freezes at a relatively high temperature, yet w i l l 
sublime at a rapid rate. P-Dioxane meets these c r i t e r i a and also 
offers the required ion pair association behavior as shown in 
Figure 4. 
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Polymer Concentration, g/100 ml 

F i g u r e 3. Reduced v i s c o s i t y - c o n c e n t r a t i o n r e l a t i o n s h i p s for 
S-PS i n t e t rahydrofuran c o n t a i n i n g v a r i o u s l e v e l s of water. 
The S-PS contained 4.2 mole percent sodium su l fonate 
groups. 

τ 

Figure 4. Reduced v i s c o s i t y - c o n c e n t r a t i o n r e l a t i o n s h i p s for 
S-PS (1.7 mole 70 sodium s a l t ) i n Dioxane. Reproduced with 
permiss ion from Ref. 13. Copyright 1984 J . Polym. S c i . Polym. 
L e t t . Ed . 

In Coulombic Interactions in Macromolecular Systems; Eisenberg, A., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



208 C O U L O M B I C I N T E R A C T I O N S I N M A C R O M O L E C U L A R S Y S T E M S 

In a s e r i e s of experiments, S-PS (1.7 mole % sodium sulfonate) was 
freeze d r i e d at two polymer concentrations from dioxane solvent 
(0.3% and 4.0%). C h a r a c t e r i z a t i o n was then conducted on the i s o 
l a t e d products and on the i n i t i a l S-PS. C h a r a c t e r i z a t i o n of the 
samples was attempted by comparing the melt v i s c o s i t i e s of the 
i s o l a t e d products and by s o l u b i l i t y behavior. S i m i l a r l y , PS was 
f r e e z e - d r i e d under the same conditions and characterized i n the 
same way. 

The melt v i s c o s i t i e s of the m a t e r i a l s were measured employing a melt 
rheometer as p r e v i o u s l y described (11) where the melt v i s c o s i t i e s 
were obtained at constant shear s t r e s s as a function of time. Those 
r e s u l t s are summarized i n Table I I I . The polymer i s o l a t e d by freeze 
drying from the more d i l u t e s o l u t i o n e x h i b i t s an i n i t i a l melt v i s 
c o s i t y which i s l e s s than the m a t e r i a l derived from the concentrated 
s o l u t i o n (or the o r i g i n a
a l l y i t appears that th
d i l u t e s o l u t i o n increase  s i g n i f i c a n t l y

The product i s o l a t e d at d i l u t e concentration e x h i b i t s other prop
e r t i e s d i f f e r e n t from that of the ma t e r i a l i s o l a t e d at higher con
c e n t r a t i o n . For example, conventional S-PS (1.7%) w i l l form a 
homogeneous gel i n xylene at concentration >3%, but w i l l phase 
separate to form a gel phase i n more d i l u t e s o l u t i o n s , e s p e c i a l l y 
<1%. This behavior has been observed with a number of sulfonate 
ionomers. 

S-PS, i s o l a t e d by freeze drying from d i l u t e s o l u t i o n , i n v a r i a b l y i s 
more soluble under such conditions than S-PS i s o l a t e d v i a freeze 
drying at 4% concentration. This behavior i s summarized i n 
Table I I I below. 

Table I I I . Melt V i s c o s i t y and S o l u b i l i t y Behavior of S-PS 
(Na Salt) i n Xylene a f t e r Freeze Drying from Dioxane 

Concentration Melt V i s c o s i t y % Soluble 
of Freeze-Dried 220°C, i n Xylene 

(Sulfonate Level) S o l u t i o n Poise χ 10 5 lg/100 cc 

A (1.7 Mole %) 4 700 37 
.3 70 89 

* B (1.98 mole %) 4 150 63.7 
.3 2.6 90.2 

C (2.02 mole %) 4 61.5 57.3 
.3 2.4 81.9 

* S t a r t i n g polystyrene was a narrow molecular weight d i s t r i b u t i o n 
m a t e r i a l from Polysciences. 

S o u r c e : R e p r o d u c e d w i t h p e r m i s s i o n f r o m R e f . 13. C o p y r i g h t 1984 
J . P o l y m S c i . , P o l y m L e t t . E d . 
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These data i n d i c a t e that the intramolecular i n t e r a c t i o n s which pre
v a i l e d i n d i l u t e s o l u t i o n and which remained "locked i n " the s o l i d 
polymer upon freeze drying are s t i l l maintained upon d i s s o l u t i o n i n 
xylene. The r e s u l t i n g " s o l u t i o n s " i n xylene remain unchanged at 
ambient conditions over periods of months. It appears that e q u i l i 
b r a t i o n of i n t e r / i n t r a a s s o c i a t i o n s r e a d i l y occur upon d i s s o l u t i o n or 
d i l u t i o n i n dioxane with S-PS at 1.7% su l f o n a t i o n l e v e l s . However, 
with the same sample d i s s o l v e d i n a solvent of lower p o l a r i t y , such 
as xylene, e q u i l i b r a t i o n upon d i l u t i o n e i t h e r does not occur or i s 
very slow. The ad d i t i o n of cosolvents such as alcohols expedites 
t h i s e q u i l i b r a t i o n . At d i f f e r e n t sulfonate l e v e l s , with d i f f e r e n t 
cations or d i f f e r e n t backbone molecular weights the s i t u a t i o n may be 
d i f f e r e n t . 

We have observed that polystyrene i t s e l f shows no s i g n i f i c a n t change 
i n melt v i s c o s i t y when i s o l a t e d unde  th  condition  described above
as would be expected. (13

These observations suggest that sample preparation of sulfonate 
ionomers could be very important i n determining p h y s i c a l properties 
of such systems. There are se v e r a l q u a l i f y i n g comments that should 
be made. 

The data r e l a t i n g to inf l u e n c e of polymer i s o l a t i o n on polymer melt 
v i s c o s i t y or s o l u t i o n behavior has been developed s o l e l y i n diluents 
where ion p a i r a s s o c i a t i o n p r e v a i l s . 

Polar solvents such as dimethylformamide, dimethylsulfoxide, and 
tetrahydrofuran-water mixtures behave d i f f e r e n t l y i n that poly-
e l e c t r o l y t e behavior i s observed at extreme d i l u t i o n f o r sulfonate 
ionomers; therefore, the behavior described above does not apply 
d i r e c t l y to these solvent systems. 

Thus f a r we have not succeeded i n the i s o l a t i o n of an ionomer free 
of i m p u r i t i e s from a solvent f a v o r i n g p o l y e l e c t r o l y t e behavior where 
i t s s o l u t i o n behavior can be compared to that i n Table I I . Currently 
such studies are i n progress. 
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17 
Use of the Poisson-Boltzmann Equation To Predict Ion 
Condensation Around Polyelectrolytes 

Bruno H. Zimm 

Department of Chemistry, B-017, University of California, San Diego, La Jolla, CA 92093 

We summarize recen
be derived as a natural consequence of the Poisson-
Boltzmann equation applied to an infinitely long 
cylindrical polyelectrolyte in the following sense: 
Nearly all of the condensed population of counter-ions 
is trapped within a finite distance of the polyelectro
lyte even when the system is infinitely diluted. Such 
behavior is familiar in the case of charged plane sur
faces where the trapped ions form the Gouy double 
layer. The difference between the plane and the 
cylinder is that with the former all of the charge of 
the double layer is trapped, while with the latter only 
the condensed population is trapped. 

Manning's condensation theory (J_) describes the behavior of small 
ions around a long, h i g h l y charged p o l y e l e c t r o l y t e by p o s t u l a t i n g 
th a t there are two populations of counter-ions, one normal, and one 
"condensed". I f we have counter-ions with valence z, the f r a c t i o n , 
F^, of these ions i n the condensed population i s 

F M - 1 - 1/ζξ 

ξ, c a l l e d the l i n e a g charge-density parameter of the p o l y e l e c t r o 
l y t e , i s equal to e /4|?e0DkTb, where e i s the e l e c t r o n charge, e Q 

the c a p a c i t i v i t y of the vacuum, D the d i e l e c t r i c constant of the 
so l v e n t , kT as us u a l , and b i s the a x i a l spacing of the ( u n i v a l e n t ) 
charges on the p o l y e l e c t r o l y t e . The above formula holds i f the 
charge density on the p o l y e l e c t r o l y t e i s high enough so that ξ i s 
grea t e r than 1/z; otherwise there i s no condensed population. This 
theory has scored a number of remarkable successes, p a r t i c u l a r l y i n 
regard to DNA as the p o l y e l e c t r o l y t e . (For reviews, see Manning (2) 
and Anderson and Record (3^). ) 

For a long time, however, the l i t e r a t u r e d i d not giv e a c l e a r 
p i c t u r e of how these condensed ions were d i s t r i b u t e d i n space; there 
was some disagreement between Manning's own p i c t u r e , i n which the 
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condensed ions occupied a f i x e d and rather small volume around the 
p o l y e l e c t r o l y t e (£), and s o l u t i o n s of the Poisson-Boltzmann (Gouy-
Chapman) equation (J5,6^, i n which the condensed ion cloud was shown 
to be d i f f u s e and to extend out to distances that approached i n f i n 
i t y at i n f i n i t e d i l u t i o n . Recently Marc Le Bret and I (7_9Q) have 
been able to remove most of the sources of disagreement by examining 
i n d e t a i l the s o l u t i o n s of the Poisson-Boltzmann equation with the 
p o l y e l e c t r o l y t e modeled as an i n f i n i t e l y long charged c y l i n d e r . In 
the s o l u t i o n s of t h i s equation at i n f i n i t e d i l u t i o n we f i n d a 
"bound", or "condensed", cloud of counter-ions, a cloud defined by 
the f a c t that e s s e n t i a l l y a l l of i t remains within a f i n i t e distance 
of the poly-ion even at i n f i n i t e d i l u t i o n . The number of ions i n 
the cloud i s exactly that given by Manning's condensation formula. 
(We put the words "bound" and "condensed" i n quotation marks because 
they have been used i n many d i f f e r e n t senses i n the past; here they 
are intended only i n th  just defined  W t d t
argue whether they are th
of t h i s c a l c u l a t i o n hav
here only a b r i e f d e s c r i p t i o n and the main conclusions. 

The system that we consider i s an i n f i n i t e l y long c y l i n d r i c a l 
p o l y - i o n enclosed i n an outer concentric c y l i n d r i c a l container 
f i l l e d with solvent and counter-ions of valence ζ but with no added 
s a l t ; t h i s i s one case i n which a n a l y t i c , as opposed to numerical, 
s o l u t i o n s of the Poisson-Boltzmann equation are a v a i l a b l e . Numeri
c a l s o l u t i o n s f o r the case where added s a l t i s present show much the 
same p i c t u r e , however, so t h i s l i m i t i n g case with counter-ions only 
i s s t i l l of general i n t e r e s t . The Poisson-Boltzmann equation f o r 
t h i s system was solved long ago (9>10). 

With t h i s s o l u t i o n , which gives the concentration of counter-
ions at any p o s i t i o n , we can proceed i n the f o l l o w i n g way to f i n d 
the condensed f r a c t i o n of counter-ions. We consider the case where 
the l i n e a r charge density on the poly-ion i s high, so that ξ i s 
greater than 1/z. From the s o l u t i o n we can c a l c u l a t e the radius, 
r ( F ) , measured from the c y l i n d e r axis, that contains a given f r a c 
t i o n , F, of the counter-ions, and we can f i n d the l i m i t i n g value of 
t h i s radius as the average concentration of counter-ions goes to 
zero, which happens when the outer c y l i n d e r i s made i n f i n i t e l y 
l a r g e . When we do t h i s we f i n d that the behavior of r ( F ) i s very 
d i f f e r e n t depending on whether F i s greater or l e s s than the F M of 
Eq. (1). When F > F^ then 

-1 /2 
r ( F ) QC c 

which goes to i n f i n i t y as c, the average concentration, goes to 
zero, but when F < F w then M 

r ( F ) = a e x p [ F / ( ^ - 1 ) ( F -F))] 

which remains f i n i t e . Thus i f we take any f r a c t i o n l e s s than F M of 
counter-ions, t h i s f r a c t i o n remains within a f i n i t e radius of the 
p o l y - i o n at i n f i n i t e d i l u t i o n ; these are the s o - c a l l e d condensed 
counter-ions. These counter-ions form a cloud around the poly-ion, 
a l l of the cloud l y i n g within a f i n i t e radius of the p o l y - i o n . In 
c o n t r a s t , ions i n excess of the f r a c t i o n F^ d i l u t e away to i n f i n i t y 
at I n f i n i t e d i l u t i o n . 
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Away from i n f i n i t e d i l u t i o n , and even when some added s a l t i s 
present, the s i t u a t i o n of the condensed cloud i s not much d i f f e r e n t . 
At f i n i t e average concentrations the cloud moves i n somewhat c l o s e r 
to the poly-ion, and of course the non-condensed ions are present 
a l s o . The concentration of counter-ions at the surface of the 
pol y - i o n i s remarkably high. For example, with a poly-ion with the 
approximate c h a r a c t e r i s t i c s of DNA (ξ-4 and a radius of 1.25nm), the 
concentration of univalent counter-ions at the surface stays near 3 
molar even at i n f i n i t e d i l u t i o n , and t h i s concentration i s remark
ably i n s e n s i t i v e to the o v e r a l l average concentration unless the 
l a t t e r exceeds 1 molar. 

The Plane a l s o Shows "Condensation" 

Condensation i n the above sense, a cloud of ions remaining within a 
f i n i t e distance even at i n f i n i t  d i l u t i o n  i t uniqu  t  th
i n f i n i t e l y long charged
u s u a l l y known by that name
next to a charged i n f i n i t e plane surface behave i n the same way. 
The s o l u t i o n of the Poisson-Boltzmann equation f o r t h i s case has 
been known even longer than f o r the c y l i n d e r (_11_) ; from i t we can 
c a l c u l a t e the behavior of the mobile ions as t h e i r average concen
t r a t i o n approaches zero. Let Q be the amount of f i x e d charge per 
un i t area on the s o l i d planar surface, and l e t 1 β be the s o - c a l l e d 
Bjerrum length defined by 

1 B = e 2/(4*e 0DkT) 

and l e t X be a distance measured from the s o l i d surface to a plane 
i n the l i q u i d . This plane and the s o l i d surface enclose between 
them a c e r t a i n f r a c t i o n , F, of the t o t a l mobile-ion charge, which 
t o t a l charge per unit area of surface i s equal to and of opposite 
s i g n to Q. As with the c y l i n d e r , we can c a l c u l a t e X(F), the d i s 
tance corresponding to a given F, and take the l i m i t at i n f i n i t e 
d i l u t i o n . This l i m i t i s (8) (for a symmetrical e l e c t r o l y t e ) 

which has a f i n i t e value f o r any F l e s s than unity. Thus almost a l l 
of the mobile-ion charge stays within a f i n i t e distance X of the 
s o l i d plane surface at i n f i n i t e d i l u t i o n , and t h i s charge s a t i s f i e s 
the same d e f i n i t i o n of "condensed" as the f r a c t i o n F^ of the 
c y l i n d e r case. The only d i f f e r e n c e i s that i n the case of the plane 
e f f e c t i v e l y a l l of the charge i s "condensed", while i n the case of 
the c y l i n d e r only the f r a c t i o n F^, which has a value anywhere 
between 0 and 1 depending on the l i n e a r charge density on the 
c y l i n d e r , i s "condensed". 

In conclusion, we can say that the Poisson-Boltzmann d e s c r i p 
t i o n of the condensed population of mobile ions near a charged 
c y l i n d e r i s s i m i l a r to the Poisson-Boltzmann d e s c r i p t i o n of the 
mobile ions i n the Gouy d i f f u s e double l a y e r at a charged planar 
surface, a d e s c r i p t i o n that has been well known f o r a long time. In 
both cases the ions are "bound", or "condensed", i n the sense that 
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they cannot d i l u t e away as the volume of the system i s expanded 
i n d e f i n i t e l y . 
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Dynamics of Macromolecular Interactions 
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The rates of important processes in macromolecular 
solutions are ofte
binary diffusiona
Two examples are the growth of polymer chains and the 
binding of ligands to receptors. Calculation of reac
tion rates in such systems generally requires con
sideration of such factors as anisotropic Coulombic and 
hydrodynamic interactions between reactants, and orien
tation dependent reactivity of the collision partners. 
A computer simulation approach has been derived that 
allows detailed bimolecular reaction rate constant 
calculations in the presence of these and other compli
cating factors. In this approach, diffusional trajec
tories of reactants are computed by a Brownian dynamics 
procedure; the rate constant is then obtained by a for
mal branching anaylsis that corrects for the truncation 
of certain long trajectories. The calculations also 
provide mechanistic information, e.g., on the steering 
of reactants into favorable configurations by 
electrostatic fields. The application of this approach 
to simple models of enzyme-substrate systems is 
described. 

The frequency with which two re a c t i v e species encounter one another 
i n s o l u t i o n represents an upper bound on the bimolecular r e a c t i o n 
r a t e . When t h i s encounter frequency i s rate l i m i t i n g , the r e a c t i o n 
i s s a i d to be d i f f u s i o n c o n t r o l l e d . D i f f u s i o n c o n t r o l l e d reactions 
play an important r o l e i n a number of areas of chemistry, i n c l u d i n g 
n u c l e a t i o n , polymer and c o l l o i d growth, i o n i c and free r a d i c a l reac
t i o n s , DNA rec o g n i t i o n and binding, and enzyme c a t a l y s i s . 

Smoluchowski and Debye i n v e s t i g a t e d the problem of d i f f u s i o n 
c o n t r o l l e d reactions between uniformly r e a c t i v e spheres i n the 
absence (1_) and presence GO of centrosymmetric Coulombic f o r c e s . 
Since these pioneering works, there has been a p r o l i f e r a t i o n of 
t h e o r e t i c a l studies based on more r e f i n e d models. These have con
sidered the i n c l u s i o n of hydrodynamic i n t e r a c t i o n , O."^) solvent 
3Current address: Department of Chemistry, Georgia State University, Atlanta, GA 30303 

0097-6156/86/ 0302-0216$06.00/ 0 
© 1986 American Chemical Society 

In Coulombic Interactions in Macromolecular Systems; Eisenberg, A., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



18. ALLISON ET AL. Dynamics of Macromolecular Interactions 217 

caging e f f e c t s , 05) concentration e f f e c t s , (6^) o r i e n t a t i o n dependence 
of r e a c t i v i t y on one or both species, (7-10) i n t e r n a l - c o n f i g u r a t i o n -
dependent r e a c t i v i t y , (11-13) and noncentrosymmetric d i r e c t forces 
( 14). A number of exc e l l e n t reviews discuss these and other f a c t o r s 
i n more d e t a i l (6, 15-16). Perhaps the most advanced a n a l y t i c a l -
numerical methods are those based on the formalism of Wilemski and 
Fixman (17-18) and extended by other i n v e s t i g a t o r s , (19-21) and also 
the numerical methods of Z i e n t r a , Freed, and coworkers (22). These 
methods have been p a r t i c u l a r l y u s e f u l i n intramolecular r e a c t i o n pro
cesses such as r i n g closure i n chain molecules (20) and pr o t e i n 
domain coalescence (22). 

Here, a new method i s described i n which biomolecular rate 
constants are determined by a r e l a t i v e l y simple simulation procedure 
(23). This method i s s u f f i c i e n t l y general to model systems of 
a r b i t r a r y configurâtional complexity, a r b i t r a r y i n t e r - and intramole
c u l a r forces, and allows f o r i n c l u s i o n of hydrodynamic i n t e r a c t i o n
When a v a r i e t y of i n t e r a c t i o n
c i e s , there i s probabl
constants at a d e t a i l e d l e v e l and recourse to simulation methods 
becomes necessary. In t h i s work, the r o l e of l o c a l and long range 
e l e c t r o s t a t i c forces on d i f f u s i o n c o n t r o l l e d reactions i s of primary 
i n t e r e s t . A n i s o t r o p i c r e a c t i v i t y and i n c l u s i o n of hydrodynamic 
i n t e r a c t i o n are fa c t o r s that are studied as w e l l . In the next sec
t i o n , we explain how a rate constant can be derived from the simula
t i o n of a large number of t r a j e c t o r i e s and how a t r a j e c t o r y i s 
computed. In the se c t i o n on a p p l i c a t i o n s , the methodology i s applied 
to three p r o g r e s s i v e l y more complex model systems. In the f i r s t 
model (two re a c t i v e spheres), the e f f e c t s of centrosymmetrie coulom
b i c f o r c e s , a n i s o t r o p i c r e a c t i v i t y , and hydrodynamic i n t e r a c t i o n s are 
considered. In the second model (a dimer r e a c t i n g with a sphere), i t 
i s shown that non-centrosymmetrie Coulombic i n t e r a c t i o n s can act to 
"steer " the dimer i n t o a favorable o r i e n t a t i o n f o r r e a c t i o n with the 
sphere. S i m i l a r behavior i s also observed i n the t h i r d model, 
designed to represent the re a c t i o n between the enzyme superoxide 
dismutase and the substrate superoxide. In the f i n a l s e c t i o n , we 
summarize the r e s u l t s of the preceeding s e c t i o n and b r i e f l y discuss 
future a p p l i c a t i o n s . 

Methodology 

For d i f f u s i o n - i n f l u e n c e d bimolecular re a c t i o n s , one i s o r d i n a r i l y 
most i n t e r e s t e d i n obtaining a bimolecular rate constant k i n order 
to make contact with experimental s t u d i e s . To obtain a rate constant 
by a simulation procedure, one would, i n p r i n c i p l e , need to simulate 
a large ensemble of reactant p a i r s d i f f u s i n g from large separation to 
the r e a c t i o n surface. However, the need to simulate reactant d i s p l a 
cements i n an i n f i n i t e domain was obviated by a recent d e r i v a t i o n 
connecting k to a recombination p r o b a b i l i t y 8 fo r a p a i r of reactants 
d i f f u s i n g i n a f i n i t e domain. As depicted i n Figure 1, a hypotheti
c a l sphere of radius b divides the r e l a t i v e separation space r, i n t o 
an outer region (r > b) and an inner region (r < b). The radius b i s 
chosen s u f f i c i e n t l y large so that i ) i n t e r p a r t i c l e d i r e c t and hydro-
dynamic forces are cent rosymme t r i e to a good approximation at r=b, 
and i i ) the ensemble r e a c t i v e f l u x through the r = b surface i s 
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F i g . 1. Schematic I l l u s t r a t i o n of the Method. T r a j e c t o r i e s are 
s t a r t e d at b, which defines the separation of an a n i s o t r o p i c inner 
region (r<b) and an i s o t r o p i c outer region (r>b). T r a j e c t o r i e s 
are terminated upon r e a c t i o n or when r>q (23). 
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i s o t r o p i c . This second c o n d i t i o n can be relaxed to y i e l d improved 
computational e f f i c i e n c y (42). Under steady state conditions, k i s 
given by 

k - kpOOp (1) 

where ρ i s the p r o b a b i l i t y that the reactant p a i r , s t a r t i n g at i n i 
t i a l separation r = b, w i l l react rather than d i f f u s e apart and k D ( b ) 
i s the f a m i l i a r Debye rate constant f o r p a i r s with r i n i t i a l l y >D to 
f i r s t achieve a separation r = b. Because of the r e s t r i c t i o n s placed 
on b, k D ( b ) can be determined a n a l y t i c a l l y and i s given by C5) 

exp [ u ( r ) / k R T ] , 
k n ( b ) = (/ dr[ * — ] ) (2) 

b 4irr D(r) 

where u(r) i s the (centrosymmetrie
i s the r e l a t i v e d i f f u s i o

To avoid the problem of reactants d i f f u s i n g to large distances i n 
the determination of p, t r a j e c t o r i e s are terminated i f r exceeds some 
cut o f f distance q depicted i n Figure 1. What i s a c t u a l l y determined 
i n a simulation over many t r a j e c t o r i e s i s a recombination probabi
l i t y , 8. Since i t i s po s s i b l e that a t r a j e c t o r y which reaches 
separation r > q would react i f not terminated, ρ and β are not 
equal. Using branching arguments, however, i t i s po s s i b l e to correct 
β to account f o r t h i s discrepancy (23). In the s p e c i a l case where 
a l l r e a c t i v e surface c o l l i s i o n s lead to a re a c t i o n 

k D(b ) 8 
k = 1-(ΐ-β)Ω ( 3 ) 

Ω - k D ( b ) / k D ( q ) (4) 

The more general r e s u l t i n which only a f r a c t i o n of r e a c t i v e surface 
c o l l i s i o n s lead to r e a c t i o n i s given elsewhere (23). 

In order to simulate the dynamical t r a j e c t o r i e s of a model 
system, the Langevin equations of motion are integrated taking 
d i s c r e t e time steps (24-29). Since i t i s the comparatively slow, 
long-range r e l a t i v e motions of re a c t i n g species that are of primary 
i n t e r e s t here, h i g h l y damped Langevin or Brownian dynamics i s the 
most relevant. A number of Brownian dynamics algorithms are 
a v a i l a b l e , (24-29) but i n t h i s work, the algorithm of Ermak and 
McCammon i s used (24). The i n t e r a c t i n g p a r t i c l e s are modelled as 
spheres or arrays of s p h e r i c a l subunits. I f the i n i t i a l p o s i t i o n of 
subunit i i s r£ i n a space f i x e d reference frame, i t s p o s i t i o n a f t e r 
a time step of duration At i s 
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r - r? + Δ ϋ ( ^ Τ ) " 1 Σ D ?*F? + S i ( A t ) (5) 

where k i s Boltzmann's constant, Τ i s the absolute temperature, 
F° i s the i n i t i a l force a c t i n g on subunit j excluding s t o c h a s t i c 
(solvent) forces and, i f present, forces of c o n s t r a i n t . i s a vec
tor of Gaussian random numbers of zero mean and variance-covariance 

<S,S.> - 2 D" At - i ^ J " i j 
(6) 

The components of represent s t o c h a s t i c displacements and are 
obtained using the m u l t i v a r i a t e Gaussian random number generator 
GGNSM from the IMSL subroutine l i b r a r y (30). g 0 i s the i n i t i a l 
hydrodynamic i n t e r a c t i o
the exact form of D 0 i
using the Oseen tensox with s l i p boundary conditions. This represen
t a t i o n has been shown to provide a reasonable and simple point force 
d e s c r i p t i o n of the r e l a t i v e d i f f u s i o n of f i n i t e spheres at small 
separations (31). In t h i s case, one has 

Β 4TTna. « -I + (1 (7) 

where 6^ i s t h e Kronecker d e l t a , I i s the i d e n t i t y matrix, J±. i s 
the Oseen tensor 

«ij δττηϊΤέ 
1 <i + î i £ y . > 

i j 

(8) 

R = 

3 i + a j r i j < 3 i + β j 

(9) 

i j r i j " a i + a j 

and a^ i s the radius of subunit i . In some simulations, hydrodynamic 
i n t e r a c t i o n (HI) between the r e a c t i n g species i s ignored. In those 
cases, the approximation i s made that D = δ^. I where = 
k T/bi\r\a^ or i n other words, J±. i s set _equal to ^ e r o i n Eq. 7. 
Since the neglected term f a l l s o i f as r . . , t h i s approximation i s 
expected to work reasonably w e l l when i and j are very f a r apart. 
Subsequently, when we speak of the case of "no hydrodynamic 
i n t e r a c t i o n " (NHI) we s h a l l be r e f e r r i n g to t h i s approximation. In 
the model of the monomer target i n t e r a c t i n g with a dimeric ligand, 
discussed i n s e c t i o n on sphere and dumbell dimer, intramolecular HI 
between the subunits of the dimer i s retained even though i n t e r -
molecular HI i s ignored i n p a r t i c u l a r NHI simulations. 

I f forces of constraint are present, as i n the case of the 
monomer-dimer study where the distance between the dimer subunits i s 
f i x e d , displacement c o r r e c t i o n vectors must be added to Eq. (5) i n 
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order to enforce the c o n s t r a i n t s . Enforcing constraints i s a 
troublesome problem i n both molecular (32) and Brownian (26, 33) 
dynamics. Nonetheless, they can be enforced i n a rigorous manner. 
Where needed i n t h i s work the SHAKE - HI algorithm described and 
implemented elsewhere, (33) i s used to enforce c o n s t r a i n t s . When 
hydrodynamic i n t e r a c t i o n i s present, i t turns out that displacement 
c o r r e c t i o n vectors must be added to unconstrained as w e l l as 
constrained subunits. In the monomer dimer studies with HI, f o r 
example, a displacement c o r r e c t i o n vector must be applied to the 
monomer when the constraint between dimer subunits i s enforced. 

A p p l i c a t i o n s 

Two Spheres. The steady s t a t e d i f f u s i o n c o n t r o l l e d rate constant f o r 
two uniformly r e a c t i v e spheres i n t e r a c t i n g v i a a centrosymmetric 
p o t e n t i a l of mean force can be solved numerically and i n s p e c i a l 
cases a n a l y t i c a l l y as give
of zero and no hydrodynami
Smoluchowski r e s u l t (1) 

k ^ b ) = ^ D r e l b (10) 

where b i s the center-to-center distance at which the spheres spon
taneously react and D ̂  - D. + where and are the t r a n s l a -
t i o n a l d i f f u s i o n constants or the i n d i v i d u a l spheres. When HI i s 
included, D(r) i s given by (6) 

2k Τ 
D(r) = D r » [I - n ^ - T ] - r (11) r e l w D « r e l 

where f i s the unit r e l a t i v e displacement vector between the spheres 
and Τ i s approximated using Eq. 8. 

To t e s t the simulation method, we f i r s t studied uniformly reac
t i v e spheres under conditions such that the simulations can be com
pared d i r e c t l y to a n a l y t i c r e s u l t s . C a l c u l a t i o n s were then c a r r i e d 
out f o r i n t e r a c t i n g spheres with a n i s o t r o p i c r e a c t i v i t y . One of the 
spheres was assumed to be r e a c t i v e only over h a l f i t s surface whereas 
the remaining sphere was uniformly r e a c t i v e . This s h a l l be c a l l e d 
the hemisphere model. The r e s u l t s of the simulations i n v o l v i n g two 
re a c t i v e spheres are summarized i n Table I. Sphere r a d i i of a^ = 
a2 - 0.5 Â with a "rea c t i o n radius" of 1 Â were used throughout. In 
a d d i t i o n to studying the e f f e c t of hydrodynamic i n t e r a c t i o n , e f f e c t s 
of d i r e c t forces were also considered using simple Coulomb and 
screened Coulomb i n t e r a c t i o n s . In the case of the hemisphere model, 
s e v e r a l simulations were c a r r i e d out i n which the a n i s o t r o p i c sphere 
was allowed to rotate with a r o t a t i o n a l d i f f u s i o n constant of 
k BT/8Trna 5

# For more d e t a i l s regarding these p r o t o t y p i c a l s t u d i e s , 
the reader i s r e f e r r e d to reference (23). I t can be seen that the 
simulations are i n ex c e l l e n t agreement with a n a l y t i c r e s u l t s where 
the l a t t e r are a v a i l a b l e . Note the large increase i n k i n the pre
sence of screened or unscreened Coulombic a t t r a c t i o n a r i s i n g between 
two oppositely charged ions of elementary charge magnetude i n a 
d i e l e c t r i c medium l i k e water (ε = 78). The i n c l u s i o n of HI decreases 
k by 30% i n the no-force case but only by 6% with a t t r a c t i v e forces 
present. In the case of the hemisphere model, the i n c l u s i o n of 
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a t t r a c t i v e Coulombic forces has an even more dramatic e f f e c t on k, 
r e s t o r i n g i t to the value observed when both spheres are uniformly 
r e a c t i v e . E v i d e n t l y , a t t r a c t i v e forces serve to hold the spheres 
together long enough f o r them to achieve a favorable c o n f i g u r a t i o n 
f o r r e a c t i o n . This i s l i k e l y to be a feature of some enzyme-
substrate i n t e r a c t i o n s , Since surface charges on enzymes are u b i 
quitous. The e f f e c t of r o t a t i o n i s more modest, having the la r g e s t 
e f f e c t i n the absence of d i r e c t a t t r a c t i v e f o r c e s . Since the r o t a 
t i o n a l d i f f u s i o n constant of a p a r t i c l e v a r i e s roughly as a 3, the 
e f f e c t of r o t a t i o n on r e a c t i o n rate i s expected to be small when an 
a n i s o t r o p i c target (enzyme) i s much l a r g e r than the substrate. 

Sphere and Dumbell Dimer. Dumbell dimers r e a c t i n g with a s p h e r i c a l 
target represent the simplest case of struc t u r e d reactants. The 
model used i s depicted i n Figure 2. The r a d i i of the target (subunit 
1) and dimer (subunits 2 d 3)  2.0 d 0.5 A  r e s p e c t i v e l y
The target sphere and e i t h e
be r e a c t i v e . The c r i t e r i
( f o r the cases with only one dimer subunit r e a c t i v e ) Θ < 90°. To 
study the e f f e c t s of d i r e c t forces on r e a c t i o n rates, v a r i a b l e 
charges (Q^) were placed at the centers of the subunits. 

To determine a rate constant, k ^ b ) and the recombination proba
b i l i t y 8 must be obtained. For p a r t i c l e s i n t e r a c t i n g v i a a centro-
symmetric p o t e n t i a l of mean for c e , Eq. 2 can be used to obtain kp(b). 
For most of the model studies considered i n t h i s s e c t i o n , however, 
Eq. 2 i s not s t r i c t l y v a l i d since the p o t e n t i a l of mean force has an 
angular (Θ) dependence. Making the reasonable assumption that the 
r e l a t i v e o r i e n t a t i o n of the dimer follows a Boltzmann d i s t r i b u t i o n at 
R a b, an equation s i m i l a r to Eq. 2 can be derived (34)· To deter
mine 8, dynamical t r a j e c t o r i e s are computed using Eq. (5) or 
equations derived therefrom, (34) s t a r t i n g at R - b = 8 Â and with 
r e l a t i v e o r i e n t a t i o n s s e l e c t e d at random from a Boltzmann d i s t r i b u 
t i o n . T r a j e c t o r i e s were terminated at R > q = 10 Â and 8 was deter
mined from the r e s u l t s of 5,000 to 10,000 separate t r a j e c t o r i e s . The 
in t e r e s t e d reader i s r e f e r r e d to reference 34 f o r more d e t a i l s . The 
rate constant r e s u l t s are summarized i n Table II· 

To e l u c i d a t e more d i r e c t l y the r o l e of e l e c t r o s t a t i c and hydrody
namic forces i n " s t e e r i n g " the dimer toward productive c o l l i s i o n 
geometries, the d i s t r i b u t i o n of r e l a t i v e o r i e n t a t i o n s f(R, cos©) as a 
fu n c t i o n of R was determined from the simulations. S p e c i f i c a l l y , 
f(R, cos©) represents the p r o b a b i l i t y that a reac t i v e / u n r e a c t i v e 
dimer at R has an o r i e n t a t i o n l y i n g between cos0 ± 0 . 1 . In the spe
c i a l case of an i s o t r o p i c d i s t r i b u t i o n , f(R, cosG) - 0 . 1 since Θ-
space has been divided i n t o ten equivalent "bins" (-1 < cos© < +1). 
The observed d i s t r i b u t i o n i s nearly i d e n t i c a l to the Boltzmann 
d i s t r i b u t i o n f o r R > 4.5 (34). For R close to the r e a c t i o n radius of 
3 Â, however, t h i s i s not the case. Three examples are shown i n 
Figures 3-5 where R = 3.05 ± 0.05Â. A c h a r a c t e r i s t i c feature of 
dimers which approach t h i s close without eventually r e a c t i n g 
( u n f i l l e d symbols) i s that they are i n an unfavorable o r i e n t a t i o n . 
The f a c t that dimers i n r e a c t i v e as w e l l as unreactive t r a j e c t o r i e s 
have high p r o b a b i l i t y of being i n an unfavorable o r i e n t a t i o n i s 
in t e r p r e t e d i n the fo l l o w i n g way. A dimer which approaches the 
target c l o s e l y i n a favorable o r i e n t a t i o n tends to react q u i c k l y 
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F i g , 2. Sphere - Dime
one or both dimer subunits (2 and 3), are uniformly r e a c t i v e . The 
target sphere radius i s 2 Â and the touching spheres of the dimer 
each have a radius of 0.5 Â. Charges ( Q ^ Q 2, Q3) are placed at 
the subunit centers. 

• 3 T 

.21 
Φ 
CO 
Ο 
υ 

.11 

Δ 

Ο 

OA 

-+- -4-
ΟΛ ÇL 

-.9 -.7 -.5 -.3 -.1 +.1 +.3 +.5 +.7 +.9 

cos Θ 

F i g . 3. O r i e n t a t i o n Factor Near the Reactive Surface. R • 3.05 ± 
.05 A, Q x = Q 2 = Q 3 = 0. Only subunit 2 of the dimer i s r e a c t i v e . 
Filled/empty c i r c l e s (*/o) represent r e a c t i v e / u n r e a c t i v e t r a j e c 
t o r i e s where hydrodynamic i n t e r a c t i o n (HI) i s included, and 
f i l l e d / e m p t y t r i a n g l e s (Α/Δ) represent r e a c t i v e / u n r e a c t i v e t r a j e c 
t o r i e s where HI i s not included. E r r o r bars are placed on only 
c e r t a i n data p o i n t s . 
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-.9 -.7 -.5 -.3 -.1 +.1 +.3 +.5 +.7 +.9 

cos θ 

F i g . 4. O r i e n t a t i o n Factor Near the Reactive Surface. Same as 
F i g . 3, but Q x = e, Q 2 = -e, Q 3 - 0. 

-H 1 1 1 1 1 1 1 1 1— 
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cos θ 

F i g . 5. O r i e n t a t i o n Factor Near the Reactive Surface. Same as 
F i g s . 3 and 4, but Q x = 2e, Q 2 - -e, Q 3 - +e. Unlike F i g . 3 (no 
charges) or F i g . 4 (net Coulomb charges on both r e a c t a n t s ) , the 
dimer i n t h i s case i s a pure e l e c t r i c d i p o l e . 
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whereas a dimer i n an unfavorable o r i e n t a t i o n spends a comparatively 
long time i n close proximity to the target eventually d i f f u s i n g away 
(unreactive) or r e o r i e n t i n g to a favorable c o n f i g u r a t i o n at which 
point i t q u i c k l y r e a c t s . This i n t e r p r e t a t i o n i s a l s o supported by 
the rate constants which do not show a s u b s t a n t i a l increase when both 
dimer subunits are made r e a c t i v e . Net charges on both target and 
dimer and to a l e s s e r extent hydrodynamic i n t e r a c t i o n have a substan
t i a l e f f e c t on o v e r a l l rate but a s u r p r i s i n g l y small e f f e c t on the 
dimer o r i e n t a t i o n s . E.g., Figure 3 and 4 are nearly superimposable 
despite the > 2 - f o l d d i f f e r e n c e i n r a t e . Comparing F i g s . 3 and 4 to 
Figure 5, i t i s seen that d i p o l a r forces have a s u b s t a n t i a l e f f e c t on 
o r i e n t i n g the dimer and, from Table I I , a l s o a s i g n i f i c a n t e f f e c t on 
o v e r a l l r a t e . Comparing the t h i r d and s i x t h l i n e s of Table II i t 
would appear that a t t r a c t i o n of the d i p o l e by the inhomogeneous 
e l e c t r i c f i e l d of the target makes a smaller c o n t r i b u t i o n to the rate 
enhancement than does the orientâtional s t e e r i n g e f f e c t

From the sphere-dime
f i r s t i s that the t r a j e c t o r
reactants with a n i s o t r o p i c r e a c t i v i t y and a n i s o t r o p i c d i r e c t forces 
and hydrodynamic i n t e r a c t i o n s . The second major conclusion i s that 
complicated e l e c t r o s t a t i c i n t e r a c t i o n s between species with a n i s o t r o 
p i c r e a c t i v i t y can "steer" the approaching p a r t i c l e s i n t o favorable 
o r i e n t a t i o n s and enhance the r e a c t i o n r a t e . For these model s t u d i e s , 
r a t e enhancements up to 20% have been obtained. The second conclu
s i o n i s l i k e l y to be of considerable relevance to molecular biology. 
In the t h i r d and f i n a l s e r i e s of simulations, the Brownian dynamics 
t r a j e c t o r y method i s applied to a p a r t i c u l a r b i o l o g i c a l system. 

Superoxide Dismutase and Superoxide. E l e c t r o s t a t i c i n t e r a c t i o n s 
i n f l u e n c e the rates of many biomolecular a s s o c i a t i o n s (15). A par
t i c u l a r example of t h i s i s the d i f f u s i o n c o n t r o l l e d dismutation of 
superoxide ( 0 2 ) catalyzed by the enzyme copper, z i n c superoxide 
dismutase (SOD) (35-36). Although both substrate and enzyme are 
negatively charged at p h y s i o l o g i c a l pH, the r e a c t i o n rate i s high and 
increases with decreasing i o n i c strength at moderate s a l t con
centrations (35). This i s opposite of the trend expected on the 
basis of the net charges and may be due to l o c a l e l e c t r o s t a t i c 
i n t e r a c t i o n s which may serve to steer 0« i n t o the a c t i v e s i t e of 
SOD. 

For the i n i t i a l studies described here, the SOD dimer, which i s 
the a c t i v e form of the enzyme, was modeled as a sphere of 30 Â 
radius. Two r e a c t i v e patches corresponding to the a c t i v e s i t e 
regions of the dimer were defined by the surface area l y i n g w i t h i n 
10° of an axis running through the center of the sphere (Figure 6). 
F i v e charges were embedded w i t h i n the sphere to reproduce the mono-
pole, d i p o l e , and quadrupole terms associated with the charged groups 
i n the 2 Â c r y s t a l l o g r a p h i c s t r u c t u r e of bovine erythrocyte SOD (37) 
a v a i l a b l e through the P r o t e i n Data Bank (38). The net charge i s -4 
i n u n i t s of the protonic charge and the d i p o l e moment approximately 
vanishes due to the symmetry of the dimer. A d i e l e c t r i c constant of 
78 was assumed throughout the system. On the basis of previous 
experimental (39) and computational (36) s t u d i e s , t h i s should provide 
a reasonable as w e l l as simple d e s c r i p t i o n of the d i r e c t i o n and 
magnitude of e l e c t r o s t a t i c forces on 0 2~. The θ " molecule was 
represented by a sphere of radius 1.5 Â with a c e n t r a l charge of -1. 
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Table I I . R e l a t i v e Rate Constants f o r Sphere - Dimer Models 

hydrodynamic 
i n t e r a c t i o n k/k (a) 

none 
included 
none 
none 
included 
none 
none 
included 

.906 

.740 
1.068 
1.039 
.802 
069 
080 
873 

(b) 

.018 

.008 

.017 C 

0.18 

• 0 1 9 

0.016 C b ; 

.020 

(a) k Q = 4ïïDMr where r = 3 Â and D i s the e f f e c t i v e r e l a t i v e d i f 
f u s i o n constant (see reference 

(b) Both subunits of dimer (2 and 3) r e a c t i v e . In a l l other simula
t i o n s , only subunit 2 i s r e a c t i v e . 

F i g . 6. Model of SOD - Superoxide. Crosses (X) i n d i c a t e p o s i 
t i o n s of charges. A c t i v e s i t e s are i n d i c a t e d by the dark caps on 
the SOD sphere; Θ = 1 0 ° . 
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Hydrodynamic i n t e r a c t i o n between SOD and 0 2 was ignored i n t h i s pre
limi n a r y study. Between 25,000 and 100,000 t r a j e c t o r i e s were c a r r i e d 
out i n each simulation with t y p i c a l b and q values of 300 and 500 Â 
r e s p e c t i v e l y . For a d d i t i o n a l d e t a i l s , see References 40 and 41. 

Table I I I summarizes some c a l c u l a t i o n s c a r r i e d out to explore 
what e f f e c t s contribute to the high r e a c t i v i t y of SOD. For the 
n a t i v e - l i k e model with a monopole charge of -4, i n c l u s i o n of the 
(non-centrosymmetric) quadrupole increases the r e a c t i o n rate by 40%. 
The quadrupole evi d e n t l y helps to steer 0 2 i n t o the a c t i v e s i t e . 
P a r a l l e l simulations were also c a r r i e d out i n which monopole charges 
of 0 and +4 were used. Although i n c r e a s i n g the monopole charge from 
-4 to 0 to +4 increased the rates by f a c t o r s of 2.5 and 5, respec
t i v e l y , the s t e e r i n g e f f e c t i s present i n each case. This suggests 
that the enhancement i n rate due to s t e e r i n g by l o c a l e l e c t r o s t a t i c 
i n t e r a c t i o n s w i l l p e r s i s t i n the presence of added s a l t , which w i l l 
suppress the e f f e c t s of the monopole f i e l d more strongly than those 
of the shorter-ranged quadrupol

The q u a l i t a t i v e e f f e c
by simulations using a screened p o t e n t i a l of the Debye-Huckel type 
and the r e s u l t s are shown i n Figure 7. Above an i o n i c strength of 
about 3 χ 10 M, the rate decreases with added s a l t as the s t e e r i n g 
f i e l d due to the quadrupole i s screened. A q u a l i t a t i v e l y s i m i l a r 
trend i s observed experimentally. In future work, we plan to examine 
i n c r e a s i n g l y d e t a i l e d models that include the i r r e g u l a r surface 
topography and f u l l charge d i s t r i b u t i o n of SOD, i n d i v i d u a l s a l t ions, 
l o c a l d i e l e c t r i c constant v a r i a t i o n s , e t c . 

Summary and Conclusions 

A p r i n c i p a l aim of t h i s work was to demonstrate the u t i l i t y and 
g e n e r a l i t y of a new simulation method f o r determination of the rates 
and mechanisms of d i f f u s i o n c o n t r o l l e d r e a c t i o n s . With regard to the 
r o l e of e l e c t r o s t a t i c i n t e r a c t i o n s i n d i f f u s i o n c o n t r o l l e d r e a c t i o n s , 
s e v e r a l conclusions can be made on the basis of the model studies 
discussed i n the previous s e c t i o n . Net charges have a s i g n i f i c a n t 
and, i n some cases, dramatic e f f e c t on o v e r a l l rate but may not play 
an important r o l e i n s t e e r i n g the r e a c t i v e species i n t o o r i e n t a t i o n s 
favorable f o r r e a c t i o n . Net charges do play an important r o l e i n 
bringing the species together. L o c a l e l e c t r o s t a t i c forces can help 
to steer species i n t o productive o r i e n t a t i o n s . This was manifest i n 
rate enhancement of 20 to 60% i n the above model studies; i t i s 
l i k e l y that l a r g e r e f f e c t s occur i n other systems. Such s t e e r i n g 
e f f e c t s are l i k e l y to be important i n molecular biology since v i r 
t u a l l y a l l biomolecules have complex charge d i s t r i b u t i o n s on t h e i r 
surfaces. Furthermore, the r e l a t i v e importance of l o c a l e l e c t r o s t a 
t i c i n t e r a c t i o n s i s expected to be greatest at moderate 
( p h y s i o l o g i c a l ) s a l t concentrations. Hydrodynamic i n t e r a c t i o n s were 
observed to decrease the rate by 5 to 30% but had l i t t l e e f f e c t on 
" s t e e r i n g " . 

In future work, the methods i l l u s t r a t e d i n t h i s paper w i l l be 
a p p l i e d to a v a r i e t y of problems i n macromolecular k i n e t i c s . More 
d e t a i l e d studies of substrate binding to superoxide dismutase and 
antigen binding to antibody molecules are i n progress. Other studies 
that are planned or i n progress include the examination of Coulombic 
contributions to polymer growtn and to DNA-ligand i n t e r a c t i o n s . 
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Table I I I . R e l a t i v e Rate Constants f o r Various SOD Models 

SOD Charge Model k/k * 
0 

-4 Monopole 0.056 + .003 
-4 Monopole plus quadrupole 0.079 + .004 
0 Monopole 0.12 ± .01 
0 Monopole plus quadrupole 0.19 + .01 
+4 Monopole 0.26 + .02 
+4 Monopol  plu  quadrupol 0.41 ± .03 

AThe rate constant k i
model with no embedded charges and a uniformly r e a c t i v e surface. At 
l e a s t 25,000 t r a j e c t o r i e s were computed f o r each model. 

F i g . 7. Dependence of R e l a t i v e Rate on Ionic Strength ( " S a l t " ) . 
S o l i d and dotted l i n e s connect monopole + quadrupole and monopole 
r a t e s , r e s p e c t i v e l y . The e l e c t r o s t a t i c p o t e n t i a l energy between 
the charge on 0« '<ΐχ) a J ? ^ r

a p a r t i c u l a r SOD charge Q 2 separated by 
r was taken to 4>e Q i Q 2

e / £ r where ε i s the d i e l e c t r i c constant 
(=78) and κ i s the Debye-Huckel parameter. 
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Interaction of Anionic Detergents with Cationic Residues 
in Polypeptides 
Conformational Changes 

Wayne L. Mattice 

Department of Chemistry, Louisiana State University, Baton Rouge, LA 70803 

For some time i
sulfate exerts a
homopolypeptides. In contrast, the anionic detergent 
exerts a negligible effect on the thermally-induced 
order-disorder transitions seen in the poly(hydroxy-
alkyl-L-glutamine) series of water-soluble nonionic 
homo- and copolypeptides. The change in the helix 
propagation parameter, s, is on the order of 0.01 when 
the hydroxyamyl-L-glutaminyl residue is transferred 
from water to 0.003 M sodium dodecyl sulfate. 
Circular dichroism spectra obtained with several 
homologous peptide hormones in sodium dodecyl 
sulfate can be rationalized by reasonable extension of 
the results obtained with synthetic polypeptides. The 
necessary change in the helix propagation parameter 
for cationic residues is more than two orders of 
magnitude greater than that seen with nonionic 
hydroxyalkyl-L-glutaminyl residues. 

Successful prediction of the conformational properties of a protein 
from its amino acid sequence is one of the major tasks of 
macromolecular physical chemistry. When the protein is completely 
disordered, the major difficulty is the proper averaging over a l l 
accessible conformations. In the special case where the random coil 
is unperturbed by long-range interactions, matrix methods are 
ideally,suited for the averaging (1). For certain disordered 
proteins, the agreement between experimental and theoretical 
dimensions is quite good, as shown by the two examples in Table I. 
Experimental mean square radii of gyration are those measured for 
myelin basic protein by Krigbaum and Hsu (2) and for crosslinked 
tropomyosin by Holtzer et a l . (3). The values reported in Table I 
are corrected for the expansion produced by the excluded volume 
effect 02,4). This correction is negligible in the case of myelin 
basic protein (2). There are no adjustments of any parameters used 
in the computation of the theoretical values (4,5). Agreement 
between experiment and theory is quite good. 
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Table I. Unperturbed Root-mean-square Radii of Gyration (nm) 
for Two Disordered Proteins 

Protein Solvent Exp. Theory Diff CO 
Myelin basic protein 
Tropomyosin dimer 

(crosslinked) 

Water 
5 M Guanidine HC1 

4.56 
8.33 

4.64 
8.75 

2 
5 

Ihe necessity for a proper averaging over a multitude of 
conformations remains when the protein is partially ordered. The 
power of the matrix methods can s t i l l be utilized i f the dominant 
ordering interactions are of relatively short range, as they are in 
* helix formation (6). The conformational partition function, Z, for 
a chain of η residues is formulated as shown in Equation 1. 

Each statistical weight matrix, U, contains elements weighting 
disordered residues and residues at the ends and in the interior of 
helical segments. The pertinent statistical weights can, in 
principle, be extracted from studies of homopolypeptides in aqueous 
solution. For a variety of technical reasons, this direct approach 
is not available with most amino acid residues of biological 
interest. The desired statistical weights are obtained instead by a 
more elaborate procedure, in which a poly(hydroxyalky1-L-glutamine) 
serves as the "host" in a "host-guest copolypeptide (7 ) · Using 
this approach, Scheraga and coworkers have determined tfs and s (the 
statistical weights for helix initiation and propagation, 
respectively) in water for 18 of the 20 amino acid residues commonly 
found in proteins (8). This set of σ and s permits computation of a 
helical content as 

f - n ^ Z W l n Z / i l n s ^ (2) 

In general, the helical content calculated in this manner is in good 
agreement with that deduced from circular dichroism spectra only when 
long-range interactions are inconsequential, as is the case with 
tropomyosin at temperatures high enough so that the dimer has been 
completely dissociated (9). 

Several peptides and proteins that play important roles in the 
nervous system are predominantly disordered in dilute aqueous 
solution, but develop order upon addition of anionic lipids. The 
conformational changes detected by circular dichroism can often be 
rationalized using the matrix formulation for Z, but with altered 
statistical weights for a few crucial residues. Statistical weights 
obtained directly from Scheraga1s "host-guest" studies in water ( § ) , 
or estimated from such studies, are used for most of the amino acid 
residues. The exceptions are increases in the helix initiation and 
propagation parameters for cationic arginyl, histidyl, and lysyl 
residues when they are in an aqueous environment containing lipid or 
anionic detergent. The increase in the propagation parameters, s, is 
from 0.69-1.03 (8) in water to about 1.7 (10,11). 
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The rationale for the changes in <J and s is supplied by studies 
of simpler model systems. Cationic homopolymers of Arg, Lys, and His 
are disordered in water, but they readily adopt ordered structures in 
the presence of sodium dodecyl sulfate. The conformation of cationic 
poly(L-arginine) changes from a random coil to an ot helix upon the 
addition of small amounts of sodium dodecyl sulfate (12), as shown in 
Figure 1. Yang (13) has shown that lysine-containing copolymers in 
sodium dodecyl sulfate favor the β sheet over the ot helix when the 
sequence is (Lys-Xxx)^, where Xxx may be Lys or some other residue. 
For other sequences (including those more typical of naturally 
occurring peptides) Lys favors the ot helix over the β sheet in the 
presence of dodecyl sulfate. Circular dichroism spectra demonstrate 
that sodium dodecyl sulfate induces a conformational transition in 
poly(L-histidine), but the ordered structure formed is not easily 
identified due to contributions to the spectra from electronic 
transitions in the imidazole group (12)

Sodium dodecyl sulfat
anionic homopolypeptide
from coulombic considerations (14). The size of the effect of the 
anionic detergent on helix formation by nonionic homopolypeptides has 
been deduced from studies of members of the poly(hydroxyalkyl-L-
glutamine) series. These polypeptides are among the few nonionic 
polypeptides for which helix-coil transitions can be measured in 
water. Sodium dodecyl sulfate exerts only a very smail effect on the 
circular dichroism of copolymers of hydroxypropyl-L-glutamine and 
hydroxyamyl-L-glutamine (15;, as shown in Figure 1. The small effect 
is in marked contrast to the dramatic changes seen upon interaction 
of a cationic homopolypeptide, such as poly(L-arginine), with the 
oppositely charged detergent. In Figure 1, the concentration of 
sodium dodecyl sulfate in the solution used for spectrum HG2 is 30 
times larger than the concentration in the solution used for spectrum 
A2. Upon comparison of these spectra with those obtained in the 
absence of sodium dodecyl sulfate (HG1 and Al), i t is evident that 
the conformation of the nonionic copolypeptide is much less sensitive 
to the anionic detergent than is the conformation of cationic poly(L-
arginine). Analysis of spectra obtained with hydroxypropyl-L-
glutamine - hydroxyamyl-L-glutamine copolypeptides with other 
compositions shows that a 0.003 M solution of sodium dodecyl sulfate 
increases s by about 0.003 for hydroxypropyl-L-glutaminyl residues 
and 0.012 for hydroxyamyl-L-glutaminyl residues (15). Circular 
dichroism spectra of the related hormonal peptides vasoactive 
intestinal peptide, secretin, and glucagon suggest that the anionic 
detergent produces an increase in s for cationic residues of about 
0.7-1.2 (11). The effects on the cationic residues are at least two 
orders of magnitude larger than those seen with the hydroxyalkyl-L-
glutamines. Clearly the most important helix-producing interaction 
of the anionic detergent is exerted at sites occupied by cationic 
residues. 

If the pertinent σ and s are available, a helix probability 
profile, depicting the probability for a helical placement as a 
function of the position in the chain, can be extracted from Z. 

f ^ O l n Z / a i n s , ) ^ ^ (3) 
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200 220 240 

λ, nm 

Figure 1. Circular dichroism spectra at 24-25° C for cationic 
poly(L-arginine) and a nonionic random copolypeptide of 
hydroxypropvl-L-glutamine (83%) and hydroxyamyl-L-glutamine 
(17%). (Al) Poly(L-arginine) in water, (A2) poly(L-arginine) in 
0.0001 M sodium doecyl sulfate, (HG1) hydroxyalkylglutamine 
copolypeptide in water, and (HG2) hydroxyalkylglutamine 
copolypeptide in 0.003 M sodium dodecyl sulfate. Spectra for 
poly(L-arginine) are from reference 12, and spectra for the 
random copolypeptide are from reference 15. 
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This information is used to predict probable locations for helices. 
The approach can be illustrated by a consideration of the hormonal 
peptide glucagon (11). Its sequence is depicted in Figure 2. The 
combination of circular dichroism spectroscopy and statistical 
mechanics indicates l i t t le helical content in water (dashed line in 
Figure 2). There is , however, an enhancement in helicity, 
particularly at residues 13-24, in the presence of 0.003 M sodium 
doecyl sulfate (solid line). Wuthrichfs combination of 500 MHz N0ESY 
experiments and distance geometry calculations finds a helical 
segment at residues 17-29 ("#" in Figure 2) in micelle-bound glucagon 
(16). Both approaches focus attention on a helical segment 
containing about three turns, and they agree on the location of two 
of the three turns. The helical content is enhanced primarily in 
that portion of the chain that has the highest helix-forming 
potential when the environment is simply water. Plausible adjustment 
in our parameters would not move the helical segment to residues 
17-29 ( i n Figure 2)
show that residues locate
overwhelming preference for the random coil state when ο and s are 
assigned realistic values. 

Ihe basis for assigning s = 1.7 and cr = 0.05 for Arg, His, and 
Lys can be traced to our investigation of several proteins in 1976 
(10). At that time, er and s for these three residues were treated 
as adjustable parameters. We assumed (1) a l l three residues had 
the same s, (2) a l l three residues had the same σ, and (3) an 
empirical correlation related cr and s. Ihis set of assumptions 
reduced the number of independently adjustable parameters from six 

Figure 2. Helix probability profiles deduced for glucagon in 
water (dashed line) and in aqueous sodium dodecyl sulfate (solid 
line). Along the bottom of the Figure is the amino acid 
sequence of glucagon, using A = Ala, D = Asp, F = Phe, G = Gly, 
H = His, Κ = Lys, L = Leu, M = Met, Q = Gin, R = Arg, S = Ser, Τ 
= Thr, V = Val, W = Trp, Y = Tyr. The text describes the 
significance of "#". The helix probability profiles are from 
reference 11. 
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to one. The assumptions cannot be correct in detail. Nevertheless, 
they have proven useful in the analysis of circular dichroism 
spectra, as exemplfied by the glucagon study described above. 
Improved reliability of the computed helix probability profiles must 
await the determination of cr and s for the Arg, His, and Lys residues 
separately. 
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Complex Coacervation of Acid-Precursor Gelatin 
with a Polyphosphate 

T. Lenk and C. Thies 

School of Engineering and Applied Science, Washington University, St. Louis, MO 63130 

Complex coacervation i
of oppositely charged polyelectrolytes separates into two distinct 
phases. The more dense phase is called the complex coacervate or 
coacervate. It is a relatively concentrated polyelectrolyte solut
ion. The second phase, a relatively dilute polyelectrolyte solut
ion, is called the equiibrium liquid. The difference in concen
tration of the coacervate and equilibrium liquid phases is deter
mined by the intensity of the coacervation interaction. The more 
intense this interaction is, the greater the concentration dif
ference. 

Brungenberg de Jong and coworkers carried out the first exten
sive studies of complex coacervation (1). They characterized the 
gelatin-gum arabic coacervation system, a system that later was 
developed into a process capable of producing microcapsules loaded 
with a variety of lyophobic materials (2). More recently, an 
encapsulation process based on the coacervation of gelatin with a 
polyphosphate has been reported (3). The present paper describes 
results of a study designed to characterize the gelatin-polyphos-
phate coacervation interaction and define how various experimental 
paramenters affect i t . 

Experimental 

Mat e r i a l s : Table I contains ash values determined by G a l b r a i t h 
Laboratories, K n o x v i l l e , Tn., for the three a c i d precursor g e l a t i n 
samples used. A l l were generously supplied by the Hormel 
Corporation, Austin, Mn., and were used as received. The poly
phosphate was sodium hexametaphosphate (Calgon Condition 206, Calgon 
D i v i s i o n of Merck, Pitts b u r g h , Pennsylvania). The pH of a l l samp
l e s was adjusted with reagent grade a c e t i c a c i d . 

Coacervation Procedure: The coacervation procedure involved 
weighing a 10 wt. percent g e l a t i n s o l u t i o n at 55°C in t o a capped 
graduated glass c e n t r i f u g e tube (15 ml c a p a c i t y ) . The desired 
amount of polyphosphate s o l u t i o n was added as a 5 wt. percent 
s o l u t i o n . A f t e r mixing and e q u i l i b r a t i o n at 55°C f o r 30 minutes, 
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the pH was adjusted with a c e t i c a c i d and deionized water was 
added to give a t o t a l sample volume of 14 ml. The i o n i c strength 
of the coacervation v a r i e d somewhat with the pH because varying 
amounts of a c e t i c a c i d were used to adjust pH and no supporting 
e l e c t r o l y t e was present. The system was mixed and allowed to 
e q u i l i b r a t e 40 to 60 minutes at 55°C. During t h i s e q u i l i b r a t i o n , 
the coacervate and e q u i l i b r i u m l i q u i d separated i n t o two w e l l -
defined l a y e r s . The volume of each l a y e r was recorded. A 5 ml 
al i q u o t of e q u i l i b r i u m l i q u i d was removed from each sample tube 
and weighed immediately i n t o a tared aluminum weighing pan. This 
a l i q u o t was dr i e d to constant weight at 110°C to give the t o t a l 
s o l i d s content of the e q u i l i b r i u m phase. Another a l i q u o t of 
e q u i l i b r i u m l i q u i d (1 ml) was used to determine the phosphate 
content of t h i s phase. A spectrophotometry (820 nm) assay pro
cedure based upon the complexation of phosphate with an aqueous 
s u l f u r i c a c i d ammonium
In order to eliminate i n t e r f e r e n c
a l i q u o t of e q u i l i b r i u m l i q u i
t r a t e d HC1 at 85°C f o r 25 hours before the phosphate assay was 
made. A c a l i b r a t i o n curve for the phosphate assay procedure was 
constructed from 52 standard polyphosphate and 20 standard pol y -
phosphate-gelatin s o l u t i o n s treated e x a c t l y as the unknown e q u i 
l i b r i u m l i q u i d samples. Both standard s o l u t i o n s f i t the same 
c a l i b r a t i o n curve. The remaining e q u i l i b r i u m l i q u i d was used to 
measure system pH. Preliminary experiments found no s i g n i f i c a n t 
pH d i f f e r e n c e between the coacervate and e q u i l i b r i u m l i q u i d l a y e r s . 
A l l reported s o l u t i o n concentrations are i n weight percent. 

Table I. G e l a t i n C h a r a c t e r i z a t i o n Data 

Bloom Strength Ash, wt. percent 
150 0.50 
275 0.10 
300 0.24 

T o t a l s o l i d s of the e q u i l i b r i u m l i q u i d , phosphate content of the 
eq u i l i b r i u m l i q u i d , volume of coacervate, t o t a l volume of the 
system, and t o t a l weight of g e l a t i n and polyphosphate i n the system 
were used to c a l c u l a t e the foll o w i n g q u a n t i t i e s : 
1. Volume percent coacervate: (Volume of coacervate/Total volume 

of system) χ 100. 
2. T o t a l s o l i d s content of each phase. 
3. Concentration of each polymer i n each phase. 
4. F r a c t i o n of each polymer i n the coacervate. 
5. Degree of coacervation, p. ρ i s the f r a c t i o n of t o t a l polymer 

i n the coacervate. 
6. Enrichment, ε. ε i s the r a t i o of t o t a l s o l i d s of the coacer-

v a t e / t o t a l s o l i d s of the e q u i l i b r i u m l i q u i d . 
7. I n t e n s i t y of coacervation, θ:θ =ε.ρ. 
8. Gelatin/polyphosphate r a t i o i n each phase. 
A l l of the above q u a n t i t i e s were p l o t t e d as a function of system 
pH f o r each complex coacervation system stu d i e d . Only a few of the 
many p l o t s obtained are included i n t h i s paper. An e f f o r t was 
made to present r e s u l t s i n terms of Θ. In a d d i t i o n , s e v e r a l p l o t s 
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of t o t a l s o l i d s content versus pH are given. These g r a p h i c a l l y 
i l l u s t r a t e how a given parameter a f f e c t s the pH range over which 
coacervation occurs as w e l l as the t o t a l s o l i d s content of the 
e q u i l i b r i u m l i q u i d and complex coacervate phases that form. The 
other data p l o t s given i l l u s t r a t e s p e c i f i c points of i n t e r e s t . 

The experimental procedure presented above involves a number 
of sequential steps that u t i l i z e r e l a t i v e l y small volumes and 
weights of m a t e r i a l . This contributed to s c a t t e r of the e x p e r i 
mental data. Since there was no c l e a r j u s t i f i c a t i o n f o r r e j e c t i n g 
a s p e c i f i c data point, a l l points obtained were included i n the 
f i n a l graphs regardless of how markedly they deviated from an 
observed trend. The e f f e c t of data s c a t t e r on i n t e r p r e t a t i o n of 
r e s u l t s was minimized by assaying a number of samples f o r each 
coacervate system c h a r a c t e r i z e d . 

Results 

Figure 1 i s a p l o t of t o t a  p
percent g e l a t i n (275 bloom) - 0.48 percent polyphosphate mixture. 
The continous curve shown encloses the region i n which complex 
coacervation occurs and two phases c o e x i s t . These two phases are 
a polymer-rich phase c a l l e d the complex coacervate and a more 
d i l u t e phase c a l l e d the e q u i l i b r i u m l i q u i d . The s t r a i g h t l i n e 
that d i v i d e s the curve i n t o two parts i s the t o t a l s o l i d s content 
of the mixture before coacervation (4.88 percent). Points that 
f a l l above t h i s l i n e (open c i r c l e s ) are t o t a l s o l i d s contents of 
the coacervate at various pH values. Points below t h i s l i n e ( s o l i d 
c i r c l e s ) are corresponding t o t a l s o l i d s contents f o r the e q u i l i 
brium l i q u i d . 

The curve i n f i g u r e 1 extends from pH 2.8 to 4.7, the pH range 
over which t h i s mixture forms a complex coacervate. At lower or 
higher pH values, no coacervate forms and the system e x i s t s as a 
homogeneous s o l u t i o n . The s o l i d s content of the coacervate and 
e q u i l i b r i u m l i q u i d phases converge as these pH l i m i t s are approach
ed. Between the pH l i m i t s of coacervation, the t o t a l s o l i d s con
tent of the coacervate phases passes through a maximum of 23 per
cent. This maximum coacervate s o l i d s content occurs between pH 
3.5 and 3.7, the same pH region where the t o t a l s o l i d s content of 
the E q u i l i b r i u m phase passes through a minimum of 0.8 percent. 

Figure 2 shows that the volume of the coacervate phase i n the 
system described by Figure 1 passes through a minimum between pH 
3.5 and 3.7. Thus, the pH region where the coacervate has maxi
mum s o l i d s content i s also the pH region where coacervate volume 
i s a minimum. This pH range i s where the strongest g e l a t i n -
polyphosphate i n t e r a c t i o n s occur. The r a p i d f a l l - o f f i n coacervate 
volume as the pH increases above 4 i s a t t r i b u t e d to the r a p i d 
decrease i n i n t e n s i t y of coacervation at these pH's. 

Degree of coacervation, enrichment, and coacervation i n t e n 
s i t y (Θ) were c a l c u l a t e d f o r each experimental point shown i n 
f i g u r e s 1 and 2. Figure 3 contains the θ values obtained as w e l l 
as θ values for three other coacervation systems. A l l four systems 
have the same 9.1/1 (w/w) g e l a t i n (275 bloom)/polyphosphate r a t i o . 
They d i f f e r only i n t o t a l s o l i d s content which ranges from 7.32 
down to 1.22 percent. This v a r i a t i o n i s responsible f o r the large 
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Figure 1. Plot of t o t a l s o l i d s content versus pH f o r a 4.4 per 
cent g e l a t i n (275 bloom) - 0.48 percent polyphosphate coacervat 
ion system at 55 C: 0, t o t a l s o l i d s content of the coacervate; 
·, t o t a l s o l i d s content of the e q u i l i b r i u m l i q u i d . 

Figure 2. Pl o t of volume percent coacervate versus pH at 55°C 
for a 4.4 percent g e l a t i n (275 bloom) - 0.48 percent polyphos
phate coacervation system. 

In Coulombic Interactions in Macromolecular Systems; Eisenberg, A., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



244 COULOMBIC INTERACTIONS IN MACROMOLECULAR SYSTEMS 

v a r i a t i o n i n θ values shown. As the coacervation system i s d i l u t 
ed, the i n t e n s i t y of the coacervation r e a c t i o n increases dramatical
l y . This i s p a r t i c u l a r l y true between pH 3.4 and 3.9, the pH range 
i n which θ values f o r a l l four samples pass through a maximum. 

Figure 4 i s another p l o t that g r a p h i c a l l y i l l u s t r a t e s how 
i n i t i a l t o t a l s o l i d s content of a 9.1/1 g e l a t i n (275 bloom)/poly
phosphate complex coacervation system a f f e c t s the coacervation 
r e a c t i o n . Each of the three continous curves shown encloses the 
region i n which three systems of varying i n i t i a l t o t a l s o l i d s con
tent experience complex coacervation. The l i n e that d i v i d e s each 
curve represents the t o t a l s o l i d s content of the system before 
coacervation. Points above these l i n e s are t o t a l s o l i d s content of 
the coacervate; points below these l i n e s are t o t a l s o l i d s content 
of the e q u i l i b r i u m l i q u i d . Note how the continuous curve that 
defines the coacervation region for a s p e c i f i c system expands as 
the i n i t i a l t o t a l s o l i d s content decreases  This r e f l e c t s the 
increase i n coacervatio
caused by d i l u t i o n of th
t o t a l s o l i d s content was reduced to 1.22 and 2.44 percent, some 
coacervates i s o l a t e d had such high s o l i d s content that they behaved 
more l i k e s o l i d s than l i q u i d s . 

The g e l a t i n (275 bloom) - polyphosphate system described by 
Figures 1 and 2 can concentrate i n the coacervate phase a high 
percentage of the t o t a l s o l i d s i n the system. Figure 5 shows that 
t h i s system at pH 3.7 has 74 percent of i t s polyphosphate i n the 
coacervate; at pH 3.8, 85 percent of the g e l a t i n i s there. These 
are maximum values that decrease r a p i d l y as the pH i s r a i s e d or 
lowered from 3.7 - 3.8. S i m i l a r curves are obtained with a l l 
coacervate systems that have an i n i t i a l g e l a t i n (275 bloom)/Poly
phosphate r a t i o of 9.1/1 (w/w). Coacervates i s o l a t e d from such 
systems have a higher gelatin/polyphosphate r a t i o than the e q u i l i b 
rium l i q u i d at a l l coacervation pH's. Furthermore, the g e l a t i n / -
polyphosphate r a t i o i n the coacervate phase increases s i g n i f i c a n t l y 
as the pH of coacervation r i s e s above pH 4.0. 

In a d d i t i o n to pH and i n i t i a l t o t a l s o l i d s content, the 
gelatin/polyphosphate r a t i o of a coacervation system i s an import
ant parameter that a f f e c t s the coacervation r e a c t i o n . This was 
demonstrated by using a s e r i e s of samples with f i x e d t o t a l s o l i d s 
content (4.88 percent), but varying g e l a t i n (275 bloom)/Polypho
sphate (w/w) r a t i o s : 0.43/1, 1/1, 3/1, 9.1/1, and 18/1. The f i r s t 
two r a t i o s gave no coacervate at pH 3.3 or 4.4, and were not exam
ined f u r t h e r . I t i s p o s s i b l e that they would have formed a 
coacervate i f d i l u t e d . The other three r a t i o s gave a complex 
coacervate. However, Figure 6 shows that the continuous curves of 
t o t a l s o l i d s content versus pH f o r these three systems d i f f e r 
s i g n i f i c a n t l y . The curves f o r g e l a t i n (275 bloom)/phosphate r a t i o s 
of 18/1 and 3/1 f a l l completely w i t h i n the curve f o r the 9.1/1 
r a t i o . Thus, the 9.1/1 gelatin/polyphosphate system forms a more 
concentrated coacervate over a wider pH range than the other two 
r a t i o s . Table II l i s t s the maximum θ value for each of these 
three systems and the pH at which i t f a l l s . The 9.1/1 g e l a t i n 
(275 bloom) polyphosphate system c l e a r l y has a much higher maximum 
coacervation i n t e n s i t y than the other two systems. The pH at 
which maximum coacervation i n t e n s i t y occurs increases with i n c r e a s 
in g gelatin/polyphosphate r a t i o . 
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280, 

Figure 3. Pl o t s of coacervation i n t e n s i t y versus pH at 55°C for 
four coacervation systems with a constant 9.1/1 (w/w) g e l a t i n 
(275 bloom)/ polyphosphate r a t i o , but varying i n i t i a l t o t a l 
s o l i d s c o n t e n t : • , 7.32 percent i n i t i a l t o t a l s o l i d s ; A , 4.88 
percent i n i t i a l t o t a l s o l i d s , ·, 2.44 percent i n i t i a l t o t a l 
s o l i d s ; 0, 1.22 percent i n i t i a l t o t a l s o l i d s . 

Figure 4. P l o t s of t o t a l s o l i d s content versus pH at 55°C f o r 
three 9.1/1 (w/w) g e l a t i n (275 bloom)/polyphosphate coacervation 
systems. Open p o i n t s : t o t a l s o l i d s content of coacervate; 
closed p o i n t s : t o t a l s o l i d s of e q u i l i b r i u m l i q u i d . I n i t i a l 
t o t a l s o l i d s content: • , • , 7.32 percent; Δ, A , 4.88 
percent; 0, ·, 2.44 percent. 
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Figure 5. P l o t of the f r a c t i o n of g e l a t i n (275 bloom), Δ , and 
polyphosphate, 0, located i n coacervates i s o l a t e d at 55 C from 
a 4.4 percent g e l a t i n and 0.48 percent polyphosphate coacervat
ion system. 

Figure 6. P l o t s of t o t a l s o l i d s content versus pH at 55 C f o r 
three coacervation systems with varying g e l a t i n (275 bloom)/-
polyphosphate r a t i o s Cw/w), but constant t o t a l i n i t i a l s o l i d s of 
4.88 percent. Open p o i n t s : t o t a l s o l i d s content of coacervate; 
closed p o i n t s : t o t a l s o l i d s of e q u i l i b r i u m l i q u i d : 0, ·, 3/1 
r a t i o ; Δ, A , 9/1 r a t i o ; • , • , 18/1 r a t i o . 
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Table I I . Tabulation of Maximum Coacervation I n t e n s i t y 
(Θ) Values f o r Coacervation Systems with Varying G e l a t i n 
(275 Bloom)/Polyphosphate Ratios* 

Ge1at in/Po1ypho sphate 
Ratio, w/w 

Maximum 
θ Value 

pH f o r 
Maximum θ 

3/1 
9.1/1 
18/1 

4.6 
19 
3.5 

3.3 - 3.6 
3.5 - 3.7 
4.1 - 4.3 

*T o t a l s o l i d s ( g e l a t i n plus polyphosphate) f i x e d at 4.8 wt. 
percent. pH adjusted with a c e t i c a c i d . 

Another f a c t o r that a f f e c t s the gelatin/polyphosphate complex 
coacervation r e a c t i o n i
up to t h i s point were obtaine
sample. In order to determin  strengt
coacervation process, experiments were made with 150, 275 and 300 
bloom g e l a t i n s . The s o l i d s content i n a l l cases was f i x e d at 4.4 
percent g e l a t i n and 0.48 percent polyphosphate. Figure 7 i s a p l o t 
of t o t a l s o l i d s content versus pH f o r the coacervate and e q u i l i b r 
ium l i q u i d phases from each of the three bloom strength g e l a t i n s . 
The l i n e at 4.88 percent t o t a l s o l i d s d i v i d e s the curves i n t o two 
pa r t s . Points f a l l i n g above t h i s l i n e are t o t a l s o l i d s contents of 
the coacervate; points below t h i s l i n e are t o t a l s o l i d s contents of 
the e q u i l i b r i u m l i q u i d . The three continuous curves show a p p r e c i 
able overlaps although some d i f f e r e n c e s are apparent. For example, 
the coacervation range f o r the system containing 300 bloom g e l a t i n 
extends about 0.2 pH u n i t lower than that of the 150 bloom g e l a t i n . 
The 150 bloom g e l a t i n sample also gives an e q u i l i b r i u m l i q u i d with 
somewhat more t o t a l s o l i d s than the two higher bloom g e l a t i n s . 
Although these d i f f e r e n c e s appear to be r e l a t i v e l y s mall, p l o t s of 
coacervation i n t e n s i t y , Θ, versus pH show more c l e a r l y that bloom 
strength has a s i g n i f i c a n t e f f e c t on the gelatin-polyphosphate 
coacervation r e a c t i o n . Figure 8 contains these p l o t s . The 300 
bloom g e l a t i n sample has a maximum θ nearly three times greater than 
that of the 150 bloom g e l a t i n sample. This i n d i c a t e s that higher 
bloom g e l a t i n s experience a much stronger complex coacervation 
r e a c t i o n with polyphosphate than 150 bloom g e l a t i n . This d i f f e r e n c e 
was not apparent i n the t o t a l s o l i d s p l o t of Figure 7, because t h i s 
p l o t d i d not d i s c l o s e that the volume of coacervate formed by the 
150 bloom g e l a t i n was s i g n i f i c a n t l y l e s s than that formed by the 
275 or 300 bloom g e l a t i n s under the same experimental c o n d i t i o n s . 
The 150 bloom g e l a t i n gives a coacervate with e s s e n t i a l l y the same 
t o t a l s o l i d s content as that formed by higher bloom strength g e l a t 
i n s , but there i s l e s s of i t . Thus, the e q u i l i b r i u m l i q u i d f o r t h i s 
system contains more g e l a t i n than the e q u i l i b r i u m l i q u i d i s o l a t e d 
from coacervation systems i n v o l v i n g higher bloom strength g e l a t i n s . 
This appears as a s l i g h t concentration increase i n Figure 7, because 
the large volume of the e q u i l i b r i u m phase r e l a t i v e to the coacervate 
phase masks the d i f f e r e n c e . 

As with the other coacervate systems examined i n t h i s study, 
the d i f f e r e n t bloom strength g e l a t i n s gave coacervates with g e l a t -
in/polyphosphate r a t i o j ^ j ^ j flfâtffâ J ^ j ^ q u i l i b r i u m l i q u i d 
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Figure 7. P l o t s of t o t a l s o l i d s content versus pH at 55°C f o r 
three coacervation systems with constant 4.4 percent g e l a t i n and 
0.48 percent polyphosphate content, but varying g e l a t i n bloom 
strength. Open p o i n t s : t o t a l s o l i d s content of coacervate; 
closed p o i n t s : t o t a l s o l i d s content of e q u i l i b r i u m l i q u i d : 0, 
·, 300 bloom; • , • , 275 bloom; Δ, A, 150 bloom. 

25 

Figure 8. P l o t s of coacervation i n t e n s i t y versus pH f o r 4.4 
percent g e l a t i n and 0.48 percent polyphosphate mixtures prepared 
from' three d i f f e r e n t g e l a t i n samples: 150 bloom g e l a t i n ; A , 
275 bloom g e l a t i n ; ·, 300 bloom g e l a t i n . 
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at a l l coacervation pH values. This r a t i o i n the coacervate phase 
increases as the coacervation pH increases, e s p e c i a l l y above pH 4.0. 

Discussion 

The m a t e r i a l balance and coacervation i n t e n s i t y data presented above 
demonstrate that the gelatin-polyphosphate mixtures used i n t h i s 
study act as c l a s s i c a l complex coacervation systems. In some ways, 
such mixtures resemble gelatin-gum arabic mixtures. The pH range 
over which both types of systems form a coacervate i s s i m i l a r and 
v a r i e s with p o l y e l e c t r o l y t e r a t i o . D i l u t i o n favors both coacer
v a t i o n r e a c t i o n s . Maximum coacervation i n t e n s i t y occurs at pH 3.5 
to 3.7 f o r a 9.1/1 (w/w) gelatin/polyphosphate r a t i o , about the same 
pH at which a 1/1 (w/w) gelatin/gum arabic mixture appears to exper
ience maximum coacervation (1). In s p i t e of these s i m i l a r i t i e s , 
gelatin/polyphosphate coacervate  d i s t i n c t l  d i f f e r e n t fro
gelatin-gum arabic coacervates
generally have a higher
give coacervates that are concentrated enough to act more l i k e 
s o l i d s than l i q u i d s . I t i s not s u r p r i s i n g that polyphosphates 
reportedly p r e c i p i t a t e p r o t e i n s (6). 

Another d i f f e r e n c e i s that the s o l i d s content of g e l a t i n / -
polyphosphate coacervates i s predominately g e l a t i n whereas the 
s o l i d s content of gelatin/gum arabic coacervates i s e s s e n t i a l l y a 
1/1 (w/w) mixture of g e l a t i n and gum a r a b i c . This d i f f e r e n c e i n 
composition a r i s e s from d i f f e r e n c e s i n the nature of gum a r a b i c and 
polyphosphate. Gum arabic i s a high molecular weight organic p o l y 
mer with an i o n i c equivalent weight of approximately 1,200 (1). 
This i o n i c equivalent weight v a r i e s with pH, since the degree of 
d i s s o c i a t i o n of the carboxyl groups along the gum a r a b i c chain 
v a r i e s with pH. However, i t always i s l a r g e . In contrast, the 
polyphosphate used i n t h i s study i s a r e l a t i v e l y low molecular 
weight inorganic material with an i o n i c equivalent weight of 102, 
assuming complete d i s s o c i a t i o n . The low i o n i c equivalent weight 
of the polyphosphate has a marked e f f e c t on complex coacervate 
composition. Gelatin/gum a r a b i c coacervates contain an e s s e n t i a l l y 
1/1 (w/w) r a t i o of g e l a t i n and gum arabic because g e l a t i n and gum 
arabic have e s s e n t i a l l y the same i o n i c equivalent weight. Because 
polyphosphate has a low i o n i c equivalent weight, r e l a t i v e l y l i t t l e 
i s needed to i n t e r a c t i o n i c a l l y with g e l a t i n . Accordingly, the 
s o l i d s i n such coacervates are predominately g e l a t i n and should 
possess p h y s i c a l p r o p e r t i e s that c l o s e l y approach those of g e l a t i n . 
The s o l i d s i s o l a t e d by drying a gelatin/gum arabic coacervate should 
have p h y s i c a l p r o p e r t i e s c h a r a c t e r i s t i c of a 50/50 mixture of g e l 
a t i n and gum a r a b i c . These pro p e r t i e s should d i f f e r from those of 
the s o l i d s i s o l a t e d from a gelatin/polyphosphate coacervate. 
Of course, i o n i c i n t e r a c t i o n s i n a gelatin/polyphosphate or g e l a t i n / -
gum a r a b i c coacervate may a f f e c t the p h y s i c a l p r o p e r t i e s of the 
s o l i d s i s o l a t e d from both types of coacervates, but t h i s remains to 
be defined. 

Coacervates i s o l a t e d from gelatin/polyphosphate coacervation 
systems normally have gelatin/polyphosphate r a t i o s (w/w) between 
10/1 and 12/1. This approaches the r a t i o of gelatin/polyphosphate 
equivalent weights and r e f l e c t s the need f o r i o n i c equivalence i n 
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complex coacervates. A 9.1/1 gelatin/polyphosphate mixture gives 
a more intense coacervation r e a c t i o n than 3/1 or 18/1 mixtures 
(Figure 6 ) , because i t more c l o s e l y approaches the exact i o n i c 
equivalence r a t i o . Mixtures with r a t i o s between 10/1 and 12/1 
should give even more intense coacervation r e a c t i o n s , since they 
f a l l c l o s e r to the exact i o n i c equivalence r a t i o . This r a t i o s h i f t s 
somewhat with pH, e s p e c i a l l y above pH 4.0, presumably due to 
changes i n degree of i o n i z a t i o n of g e l a t i n and polyphosphate with 
pH. 

The high s o l i d s content of many gelatin/polyphosphate coacer
vates i s due to the high coacervation i n t e n s i t y experienced by 
such mixtures. This i s another r e s u l t of the low i o n i c equivalent 
weight of polyphosphate. Coacervation i n t e n s i t i e s found i n t h i s 
study c o n s i s t e n t l y f e l l above 10 and sometimes exceeded 200. The 
few data that are i n the l i t e r a t u r e i n d i c a t e gelatin/polyphosphate 
mixtures i n t e r a c t more i n t e n s e l  tha  e i t h e  g e l a t i n / g e l a t i  (5  7) 
or gelatin/gum a r a b i c (1
systems generally have
a r e l a t i v e l y weak coacervation i n t e r a c t i o n . Enrichment data 
reported f o r a gelatin/gum a r a b i c coacervation system (1) i n d i c a t e 
that such systems i n t e r a c t more i n t e n s e l y than a g e l a t i n / g e l a t i n 
system, but l e s s i n t e n s e l y than a gelatin/polyphosphate system. 
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Complex Coacervate Formation Between Acid- and 
Alkaline-Processed Gelatins 

D. J. Burgess1 and J. E. Carless 

The School of Pharmacy, University of London, 29-39 Brunswick Square, London 
WC1 1AX, United Kingdom 

Micrœletrophoretic mobility profiles of an acid and 
an alkaline processed gelatin were used to determine 
the optimum pH and ionic strength requirements for 
complex coacervatio
where the gelatin
therefore may be capable of forming coacervates was 
narrow (pH 4.8 to 8.3). Within this pH range the 
charge carried by the gelatins was very low, unless 
the ionic strength of the medium was below 1mM. 
Coacervation was therefore expected to occur in the 
above pH range at low ionic strength. However, 
coacervation was not detected in mixtures of the 
gelatins, regardless of the pH and ionic strength 
conditions, unless the temperature was reduced below 
the gelation temperature of the gelatins. Evidence 
obtained from photon correlation spectroscopy measure
ments suggested that soluble aggregrates may form 
between the gelatin mixtures at temperatures above 
their gelation temperature. This is in accordance 
with the 'dilute phase aggregrate' model of 
coacervation, Veis and Aranyi (1). 

Oppositely charged polyions in aqueous media may interact 
spontaneously to form complex coacervates, Bungenberg de Jong (2). 
Bungenberg de Jong explained complex coacervation on the basis of 
the random c o i l macromolecule. He considered that coacervation 
occurred as a result of electrostatic interaction forces, ignoring 
the polymeric nature of the polyions involved. This was an 
important omission however, as small ion pairs such as sodium 
chloride dissociate in water due to the large hydration shell 
possible. Diamond (3) proposed that 'water structure-enforced' ion 
pairing would result on mixing polycations and polyanions, involving 
both electrostatic and hydrophobic interactions. 

A theoretical treatment of complex coacervation was worked out 
by Voorn (4,5) and Overbeek and Voorn (6). They explained the 
process as a competition between the electrical attractive forces 
tending to accumulate the charged polyions and entropy effects 
1Current address: Department of Pharmacy, University of Nottingham, University Park, 
Nottingham NG7 2RD, United Kingdom 
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tending to disperse them. It has been shown (6) using the Debye-
Huckel equations (7,8) for the el e c t r i c a l interaction term and the 
Flory-Huggins theory (9-13) for the entropy term that th^ c r i t i c a l 
conditions for complex coacervation were obtained when σ r < 0.5. 
That i s , when either the charge density (σ) or the molecular weight 
(r) or both were sufficiently large. Their theory was based on the 
following assumptions: that there was a random chain distribution of 
macromolecules in both phases; that solvent-solute interactions were 
negligible, i.e. the Huggins interaction parameter was negligible; 
and that the interactive forces were of a distributive nature with 
the system behaving as though the charges were free to move. The 
macromolecular skeins of two oppositely charged polyions associate 
together as a result of the electrostatic forces to form a 
coacervate phase, and while doing so entrap water between their 
loops, known as occlusion water. As a consequence of this entrapped 
water the coacervate i  liquid i  natur d th  i  readil
reversible. 

Veis and Aranyi (1) ,  reporte  comple
in solutions of oppositely charged gelatins where the above 
requirements were not met. In order to explain this effect they 
proposed that in their system, complex coacervation occurred by a 
different mechanism i.e. spontaneous aggregation of the oppositely 
charged gelatins took place by electrostatic interaction upon 
mixing, to form aggregates of low configurâtional entropy; and these 
aggregates then rearranged to form a coacervate phase. This second 
reaction occurs more slowly and is driven by the gain in 
configurational entropy which results in the formation of a randomly 
mixed concentrated coacervate phase and the dilution of the non-
aggregate phase. Thus the electrostatic free energy change and the 
entropy change play opposite roles to those in the Voorn-Overbeek 
theory. 

Veis (14) supported his theory with light scattering data which 
indicated the presence of aggregates in the equilibrium f l u i d after 
phase separation of mixtures of isoionic gelatins. Kurskaya et al 
(15) have also reported turbidimetric evidence for the presence of 
what they term 'soluble complexes' in solutions of oppositely 
charged isoionic gelatins. However, i t is well known that 
individual salt-free gelatin solutions form aggregates at their 
isoionic pH due to intermolecular attractive forces resulting from 
charge fluctuations (16). 

The 'dilute phase aggregate' model has been used to describe 
the complex coacervation of gelatin and sodium alginate (17). 
Tomlinson and Davis (18-20) and Wilson et al (21) proposed that ion 
pair formation between sodium cromoglycate and 
dcdecylbenzyldimethylammonium chloride occurs prior to complex 
coacervation. They interpreted the mechanism as being ion 
association reinforced by a strong hydrophobic effect, according to 
the theory of Diamond (3). It has also been shown (22) that 
aggregates form in dilute solution between negatively and positively 
charged polyvinylalcohol. The mechanism of interaction was 
interpreted according to the Voorn-Overbeek approach but including 
the Huggings interaction parameter (23,24). 

The aim of this study is to prepare complex coacervates between 
oppositely charged gelatins and to analyse the process for 
theoretical significance. In a previous publication (25) the effect 
of pH and ionic strength on the coacervate yield of gelatin and 
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acacia mixtures was explained by the effect of these variables on 
the charge of the two polyions involved. Λ method was described for 
the prediction of complex coacervation using microelectrophoresis to 
measure the charge on the polyions. This study reports the use of 
this method to optimise conditions for complex coacervation between 
oppositely charged gelatins. 

Materials and Methods 

Two types of gelatin were obtained from Gelatin Products Ltd., U.K., 
Type A (acid processed) gelatin and Type Β (alkali processed) 
gelatin. The gelatins had the following characteristics: Type A; 
Bloom No. 256, isoelectric ρΗ8.3,Μή. 4.7x10 , and ash content 
0.|% w/w.; Type B; Bloom No. 250, isoelectric pH 4.8, MR. 4.6 χ 
10 , and ash content 1.1% w/w. The isoelectric pH values were 
measured by microelectrophoresis and by ion exchange. The Μή. was 
measured by membrane osmometr
osmometer, Wescan Instrument

The acacia used was of British Pharmacopoeial quality and had 
an ash content of 3.2% w/w and a sulphated ash value of 4.9% w/w. 
A l l gelatin and acacia solutions were deionised by mixing with 
Amberlite resins IRA-400 + IR-120 for 30 min at 40 C prior to use, 
unless otherwise stated. This method was adapted from Janus et al 
(26). The potassium thiocyanate used was of analytical grade from 
Koch-Light Laboratories Ltd. 

Microelectrophoresis. A Zeta-Meter (Zeta Meter Inc.) was used in 
conjunction with a Plexiglas c e l l . Microelectrophoresis was 
conducted at 1 mM NaCl unless otherwise stated. Constant ionic 
strength was maintained as the pH was varied using 1 mM NaOH and 1 
mM HC1 solutions. The polyions were adsorbed onto Minusil 
(colloidal s i l i c a ) , of particle size 2.7 ym (geometric weight-mean 
diameter, with a geometric standard deviation of 0.72 ym) prior to 
microelectrophoresis. A 0.02% w/v polyion solution and a 0.01 % w/v 
Minusil suspension were used. The electrophoretic mobility was the 
mean of at least 20 readings and the coefficient of variation was 
less than 5%. 

Coacervate Yield Determination. Gelatin coacervate mixtures, formed 
as described in the results section, were centrifuged to separate 
the coacervate and equilibrium phases, using an MSE High Speed 18 
centrifuge at a speed of 1000 to 2000 rpm, set at the appropriate 
fi n a l temperature, of the coacervate mixture. The equilibrium phase 
was decanted and the coacervate phase was then heated to 40 C and 
deionised i f necessary (as described above), so that only the weight 
of the polyions was determined and not that of any associated salt 
ions. The resultant solution was transferred into a weighed 
evaporating dish and dried to constant weight at 60 C. 

Photon Correlation Spectroscopy (PCS). A Malvern model 4300 photon 
correlation spectrometer with a 64 channel type K7027 Loglin 
correlator was used in conjunction with a Liconix He/Cd la s e r Q 

operating at 441.6 nm. The temperature was controlled to 0.1 C 
The data were processed to give values for the equivalent spherical 
hydrodynamic diameter and for the normalised variance of 
distribution (NVD). The NVD value gives an indication of the degree 
of polydispersity of the sample. A l l solutions were fi l t e r e d 

In Coulombic Interactions in Macromolecular Systems; Eisenberg, A., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



254 COULOMBIC INTERACTIONS IN MACROMOLECULAR SYSTEMS 

through 0.45 ym Millipore f i l t e r s into PCS c e l l s which were 
immediately covered. The f i n a l solutions in the PCS cells were 
allowed thirty minutes to equilibrate at 40°C before any 
measurements were taken. Deionisation was carried out by mixing 
with Amberlite resins as before. 
Results and Discussion 

Microelectrophoresis of the Gelatins. The electrophoretic mobility 
profiles of the two gelatins are shown in Figure 1. The pH range 
where the gelatins bear opposite charges and therefore might be 
expected to form complex coacervates is pH 4.8 to pH 8.3. Over this 
pH range the electrophoretic mobility of Type A gelatin is positive 
but small, while the electrophoretic mobility of Type Β gelatin 
decreases rapidly from zero to high negative values. At the 
electrical equivalence point (EEP) of the gelatins (pH 5.4, 
calculated from Figure 1
but opposite^charges; bot
of 0.5 χ 10" m s" . This relatively small charge may be 
insufficient to bring about coacervation (25). If complex 
coacervation does occur between the gelatins the pH range is 
expected to be limited due to the large imbalance in charge between 
the two gelatins at pH values distant from the EEP (see Figure 1). 

The effect of ionic strength on the electrophoretic mobility of 
the gelatin is shown in Figure 2. The electrophoretic mobilities of 
both the gelatins increase significantly when the ionic strength is 
decreased below 1 mM. It may therefore be concluded that 
coacervation w i l l occur more readily between the gelatins at very 
low ionic strength. This is in agreement with the results of Veis 
and co-workers (1,14,28) who used deionised gelatins to produce Type 
A/Type Β gelatin coacervates under ion-free conditions. It is 
predicted that complex coacervation of a 1:1 Type A/Type Β gelatin 
mixture w i l l occur only at low ionic strength, within a pH range of 
approximately pH 5.0 to pH 6.0, with maximum coacervation occurring 
at pH 5.4. 

Formation of Gelatin/Gelatin Complex Coacervates. Ion-free (1:1) 
gelatin/gelatin mixtures were prepared at pH 5.4 (the predicted 
optimum conditions for coacervation) over a total concentration 
range of 0.2 to 4.0% w/v at 40 C However coacervation was not 
evident. The pH range, pH 4.8 to pH 8.3 and the ionic strength 
range, zero to 10 mM were next investigated. Again coacervation was 
not apparent. The temperature of the gelatin mixtures was reduced 
below 35 C (the gelation temperature of the gelatins) and complex 
coacervates formed within specific limits: pH (pH 5.2 to pH 5.8); 
ionic strength (0 to 3 mM); total gelatin concentration (0.2 to 2.% 
w/v); and polyion mixing ratio (0.75 to 1.50, Type A/Type Β 
gelatin). 

The effects of pH and ionic strength are in agreement with the 
predictions made using the microelectrophoresis data obtained on 
these gelatins. Since the charge on the gelatins is a limiting 
factor for coacervation i t is conjectured that electrostatic 
interaction i s a pre-requisite for the build up of these 
gelatin/gelatin coacervates, supporting the 'dilute phase aggregate' 
theory (1). 

Interaction between the gelatin molecules at sufficiently high 
concentration may result in the build up of large gel-type networks 
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in the equilibrium f l u i d , and therefore the gain in energy on 
coacervate phase formation w i l l be reduced and coacervation w i l l be 
suppressed (self-suppression). The maximum gelatin concentration 
tolerated was low, up to 2.0% w/v. This may be a consequence of the 
large extent of interaction possible between these very similar 
gelatin molecules. 

The f i n a l temperature to which a mixture was reduced and the 
length of time allowed for equilibration at the fin a l temperature 
both dramatically affected the coacervate yield. Figure 3 shows the 
effect of fin a l temperature on the coacervate yield of 1:1 mixtures 
of the gelatins (1% w/v). A l l the mixtures were equilibrated at 
their f i n a l temperature for a period of six hours. The lower the 
fina l temperature the higher the coacervate yield obtained, to a 
maximum at around 15 C. I n i t i a l l y only the high molecular weight 
gelatins coacervate but as the temperature is reduced conditions 
become favourable for coacervatio
species, thus explainin
shows the effect of th
the coacervate yield of 1:1 mixtures of the gelatins (1% w/v) held 
at a f i n a l temperature of 15°C. The longer the time allowed, up 
to approximately six hours, the higher the coacervate yield. 
Coacervation is normally considered to be a spontaneous process, 
however gelation forces which operate between gelatin molecules at 
low temperatures take time to develop. It appears that both 
electrostatic attraction and gelation forces are necessary for the 
formation of gelatin/gelatin coacervates. 

It is postulated that this process is consistent with the 
'dilute phase aggregate' model (1) forming Type A/Type Β aggregates 
i n i t i a l l y when mixed at 40°C, which rearrange to form a coacervate 
phase when the temperature is reduced below 35 C. 

Photon Correlation Spectroscopy Studies. In order to investigate 
possible aggregate formation between the gelatins at 40°C photon 
correlation spectroscopy was used. The following pairs of Type A 
and Type Β gelatin solutions (0.5% w/v) were prepared and studied by 
PCS both individually and as mixtures and the values obtained for 
the average particle diameter and the polydispersity were compared: 
(i) Deionised solutions prepared at 40 C; 
(ii) Deionised solutions heated to 50°C for thirty minutes, then 

cooled to 40°C; 
( i i i ) Deionised solutions prepared at 40°C in the presence of 1 M 

potassium thiocyanate; 
(iv) Non-deionised solutions prepared at 40°C. 

These results are given in Table 1. Both deionised and non-
deionised gelatin solutions were studied, to compare coacervating 
(deionised) and non-coacervating (non-deionised) mixtures. Type A 
and Type Β gelatin contain a range of molecular weights as is 
evident from their large NVD values (Table 1). This polydispersity 
made interpretation of the results d i f f i c u l t . In solutions 
containing only one type of gelatin the molecules also tend to form 
into aggregates, especially around the isoelectric point of the 
gelatins (16) which also made interpretation of the results 
d i f f i c u l t . This type of aggregation i s particularly apparent in 
Type A gelatin solutions as can be seen by the significant reduction 
in the average particle size when the solutions were treated to 
decrease aggregation, either by preheating or by the addition of 
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Key: Typ
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potassium thiocyanate (see Table 1). The average particle size of 
Type Β gelatin was also reduced by preheating. The presence of 
potassium thiocyanate increased the average particle size of Type Β 
gelatin, this i s probably a consequence of expansion of the gelatin 
molecules in the presence of this salt which is known to prevent 
inter- and intra-molecular interactions in gelatin solutions. 

It is d i f f i c u l t to draw any conclusions from a study of the 
average particle sizes of the gelatin solutions and mixtures. 
However the changes in polydispersity which occurred on mixing pairs 
of gelatin solutions indicated in some cases that interaction had 
occurred. The mixtures of the deionised gelatins had NVD values 
which were smaller than those of the individual gelatin solutions, 
suggesting that interaction may have occurred. In the absence of 
interaction an increase in polydispersity would be expected to occur 
on mixing two macromolecular solutions of different average particle 
size. In the gelatin mixture
result were unable to underg
interaction was not apparent
polydispersed than the individual solutions. 

The changes in polydispersity observed on mixing the deionised 
gelatin solutions may be due to the formation of aggregates by 
electrostatic interaction between the oppositely charged gelatins, 
supporting the 'dilute phase aggregate' model (1). Since the two 
gelatins are similar in structure, strong bonding may occur between 
the oppositely charged molecules giving the 'aggregates' compact 
structures. The small average particle sizes obtained for these 
'aggregates' suggests that they are composed of only a few molecules 
and probably only contain one pair of molecules per aggregate. This 
is in agreement with the results of Veis (14) and those of Kurskaya 
et al (15) which indicated that on mixing equal amounts of 
ele c t r i c a l l y equivalent gelatins under ion-free conditions ion pairs 
formed. 

Conclusions 

Microelectrophoresis data were successfully used to predict the 
effect of pH and ionic strength on gelatin/gelatin coacervation. 
This coacervate system was also shown to be strongly dependent on 
temperature, temperature reduction being necessary to ini t i a t e 
coacervation. This is probably a consequence of the charges carried 
by the gelatins, which are too low to bring about phase separation 
by electrostatic interaction alone. Measurements made by ghoton 
correlation spectroscopy on gelatin/gelatin mixtures at 40 C 
suggest that aggregates form between the oppositely charged gelatins 
on mixing, although phase separation was not evident until the 
temperature was reduced below the gelation temperature of the 
gelatins. 

The gelatin/gelatin coacervate systems studied appear to f i t 
the Veis-Aranyi 'dilute phase aggregate' model (1), forming 
aggregates by electrostatic interaction which may then associate to 
form a separate coacervate phase by the aid of gelation forces on 
temperature reduction. 
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